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A B S T R A C T 
The role of damage on the impurity diffusion in semiconductors 
has been investigated in this work, both experimentally and 
theoretically. A survey of the historical development of the 
diffusion models is presented. We have also developed our own 
model based on the coupling mechanism between the impurity atom 
and the point defect, as well, as the migration mechanism of the 
impurity atom throughout the lattice space. This model has been 
reduced by employing the assumption that the self-interstitials 
have reached chemical equilibrium with interstitial boron and has 
then been used to explain the experimental result from Powell's 
work⑴• It was demonstrated that the dominant point defects 
responsible for the damage enhanced diffusion (DED) of implanted 
boron in silicon under different annealing conditions happen to be 
self-interstitials. Through the kickout mechanism, the 
supersaturation of the boron atoms at interstitial sites leads to 
DED. These atoms not only migrate but also restore to the 
substitutional positions which are comparably immobile, resulting 
the transient nature of the DED. The experimental results from 
Powell's work has been successfully explained by this model. 
According to our model, the boron diffusion not only depends 
on the boron concentration gradient but also on the concentration 
gradient of self-interstitials. Experiments have been designed and 
performed to investigate the boron redistribution after argon 
implantation and the subsequent annealing step on the originally 
uniformly doped wafers. Diffusion has been observed.Features of 
the SIMS profiles can be understood using our model simulation. 
This phenomenon demonstrates the validity of our model, while 
failed to be explained by the conventional dual mechanism model. 
It is also shown that the resulting profiles are essentially the 
replica of the second spatial derivative of the self-interstitials 
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B boron atom (or tracer atom) 
B Boron counts in SIMS profiles 
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B interstitial-boron atom (or tracer atom at interstitial 
I 
site) 




C^ intrinsic concentration 
C^ thermal equilibrium concentration 
C total boron (or tracer atom) concentration 
B 
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C concentration for interstitial-boron (or tracer) atoms 
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C concentration of self_interstitials 
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C® thermal equilibrium concentration of self-interstitials 
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C concentration of vacancies 
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cE thermal equilibrium concentration of vacancies 
C concentration of vacancies in charged state r 
Vr 
D Diffusion coefficient 
D* normalized diffusion coefficient 
viii 
intrinsic diffusion coefficient 
D® thermal equilibrium diffusion coefficient 
D boron (or tracer atom) diffusion coefficient 
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, D^ thermal equilibrium value of boron (or tracer) diffusion 
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coefficient 
D diffusivity of the interstitial assisted component for 
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D° pre-exponential factor of the boron diffusivity component 
BI 
mediated by interstitial mechanism 
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BI 
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BS 
mediated by vacancy mechanism 
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charged state r 
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D° pre-exponential factor for the self- interstitial 
diffusivity 
Dy diffusivity of vacancy 
D° pre-exponential factor for the vacancy diffusivity 
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viii 
D self diffusion coefficient of silicon 
Si 
D^ self-diffusivity of silicon mediated b y vacancies in 
Si 
charged state r 
E activation energy for the chemical reaction rate constant 
av 
K^ (kickout mechanism) 
E B effective binding energy for the association of the 
BX 
tracer atom with the point defect species X 
E activation energy for the relaxation of excessive 
rel 
self-interstitials toward thermal equilibrium 
f fractional contribution of diffusivity from the 
I 
interstitial mechanism component 
F fractional contribution of the flux from the interstitial 
I 
component 
H^ formation enthalpy of self-interstitial 
I 
H® migration enthalpy for the interstitial-boron atom ( B ^ 
H" migration enthalpy for self-interstitial 
H^ formation enthalpy of vacancy 
V 
h correction factor including the effect of electric field 
on diffusion 
h space step 、 
I self-interstitial 
J flux of tracer atom contributed b y interstitial mechanism 
BI 
component 




K chemical equilibrium constant for the kickout mechanism 
1 
K chemical equilibrium constant for the Frank-Turnbull 
2 
mechanism 
k time step 
N Normalized boron counts in SIMS profile 
BC 
Ti free electron concentration 
n concentration of the host atoms 
H 
n free electron concentration under intrinsic condition 
i 
Q activation energy of the vacancy component diffusivity 
BS 
R range of the as-implanted damage distribution 
D 
AR straggling of the as-implanted damage distribution 
D 
R range of the as-implanted boron distribution p 
AR straggling of the as - implanted boron distribution p 
S reaction rate of kickout process I + B^ > B^ 
S reaction rate of inverse kickout process B > 工 + B 
2 
S reaction rate of Frank-Turnbull process V + B^ > B^ 
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t * normalized and discretized time j 
T temperature 
T* normalised temperature 
V vacancy 




X* normalized and discretized depth 
i 
《 normalized boron concentration 
rj normalized self-interstitial concentration 
龟 dosage of implantation 
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The study of impurity diffusion in semiconductors has long 
been pursued since the invention of transistors. Conventional 
method in introducing dopant atoms in semiconductors was based on 
furnace diffusion method. Corresponding theoretical development in 
predicting the resulting profiles has also been pursued. The study 
of this problem is both of scientific and technological 
importance. Technologically, . it is desirable to produce 
the resultant dopant profile in a predictable manner under some 
specific process conditions. The profile shape, in turn affects 
the performance of the device. Scientifically, the study of the 
behavior of impurity diffusion in semiconductors can be used 
to provide suggestion on what process conditions should be 
performed. 
The traditional equation governing the diffusion phenomenon is 
described by Fick's Law, where the transport of a species with a 
concentration C is determines by a constant diffusion coefficient 
D, as 
= D ^ (1.1) 
The diffusion coefficient D is only a function of temperature. 
Under the traditional furnace diffusion condition, the time scale 
of the process is usually more than half an hour; and temperature 
is usually not more than 1000。C. Thermal equilibrium condition has 
1 
Chapter Three 
been attained for the point defects, so that Equation (1.1) is 
applicable in predicting the resulting dopant profiles. 
However, in modern IC technology, because of the tough f 
requirement of high packing density, high doping concentration and 
shallow junctions are required to be compatible with the 
geometrical scaling. Ion implantation has become an important 
doping method because it promises a more precise control on the 
dopant dosage, and shallower junction depth. These two factors are 
vitally important in VLSI technology as far as the miniaturization 
of the device length is concerned. In addition to these 
advantages, it also provides a capability in shaping a predesigned 
dopant distribution and a cleaner dopant source. However, due the 
the damage generation associated with the high energy ion 
bombardment, electrical activation using different annealing 
methods is a necessary step. Junction depth broadening due to the 
dopant atom redistribution during the annealing process as well as 
due to the channeling effect are important technological problems, 
since the major aim of implantation is to produce shallow 
junction depth to enable small feature size for the devices. 
The junction depth broadening effect due to the boron atom 
redistribution after annealing are shown in Fig.1.1 and Fig.1.2. 
Boron is the major source of .p-type dopants, and its diffusion 
behaviors in silicon have been under intensive investigation over > 
the years. In the past, the pursuit in reducing the junction depth 
broadening effect introduced by various kinds of boron motions has 
been focused on several directions. This includes the implantation 
of boron ions using very low incident implantation energy (below 
10 lceV).【2】. However, the beam stability at very low energy is a 
problem. Alternatively, ion source from boron difluoride (BF^) has 
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Fig.1.1 Schematic diagram of the implantation of dopant atoms 




of low incident energy for boron ions while implantation at 
r [ 4 ] 
moderate kinetic energy (around 50 keV). Michel et al has 
developed the through-oxide implantation technique to reduce the 
channeling effect. Other schemes in reducing the junction depth 
include： pre-amorphization of silicon wafer using Si or 
Ge+【6】； using different annealing processes such as two step 
annealing【5】。：rapid thermal annealing"】•Behind these abundant 
experimental facts, to understand how the boron atoms redistribute 
under such a wide range of conditions is still difficult. However, 
the knowledge of the mechanism of the dopant diffusion, and its 
relation with the point defect are vitally important. This 
knowledge, in turns, helps for better controlling and design in 
the VLSI circuits in a way of providing optimal process parameters 
obtained from the results of process modeling. 
Equation (1.1) is not capable to describe the complicated 
impurity diffusion phenomena in semiconductors observed in 
experiments, such as dosage dependence effect, transient diffusion 
effect, the roles played by point defects and extended defects 
and clustering of impurities and/or point defects. Though the 
pursuit of a universal and consistent model capable of describing 
the wide range of experiments has been continued over the past 30 
years, a consensus in the detail mechanisms of the dopant 
diffusion is still lacking. 
The aim of this thesis is to investigate the role of 
implantation damage (in particular the excessive point defects) on 
the impurity diffusion. After the introduction of some basic 
concepts, a brief historical survey and the general formulation of 
the point-defect assisted diffusion model will be presented in the 
next chapter. The basic assumptions and simplification made in our 
model will be thoroughly discussed. The set of model equations 
will then be derived. 
4 
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Impurity Redistribution After Annealing 
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Fig.1.2 Boron atom redistribution after annealing leads to an 




1x1 Chapter Three, with some further assumptions, the model is 
then applied to explain the anomalous damage enhanced diffusion 
(DED) of implanted boron in silicon of Powell's experimental 
work【i], which cannot be understood using simple concentration 
dependent diffusion coefficient. 
There is another advantage of this simplified model. It 
explicitly leads to equations which show that boron diffusion 
depends not only on the boron concentration gradient but also on 
the concentration gradient of the self-interstitials. Conventional 
model employing proportional relation with the concentration of 
self-interstitials predicts no diffusion of the dopant atoms in 
the absence of the the dopant concentration gradient. Experiments 
are therefore designed and performed to investigate this effect. 
Starting with uniformly boron-doped wafers,argon implantation was 
performed to introduce excess point defects. Then the boron 
redistribution after various annealing conditions was studied 
using SIMS. The experimental details and the interpretation of the 
results using our simplified model are presented in Chapter Four. 
Finally, conclusion and further suggestions on experimental 
works in order to gain knowledge on the diffusion behaviors will 
be presented in Chapter Five. The effect of dopant level on the 
magnitude of the diffusion coefficient is discussed in Appendix A . 
The flow chart of the numerical algorithm for the basic equations 
is presented in Appendix B. 
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C H A P T E R T W O 
SURVEY ON THEORETICAL MODELS 
§ 2.1 Some Basic Concepts 
Before going into the detailed discussion on the theoretical 
models of impurity diffusion in semiconductors, it is worth first 
introducing some of the basic concepts and terms commonly 
encountered in the literature. In this section, we start with a 
brief review on the vacancy mechanism and interstitial mechanism 
of impurity diffusion. Next, we shall briefly review the 
controversy about the relative contribution to diffusion from 
various point defect species. Then, we shall discuss a little bit 
about the concept of impurity-point defect pair diffusion; and 
finally, a brief comment on the term anomalous diffusion will be 
presented. 
§ 2.1.1 Vacancy Mechanism and Interstitial Mechanism 
Even though the problem of impurity diffusion in 
semiconductors has been studied over the past 30 years, the 
theoretical development is still far behind what has been 
developed in the diffusion in metals. Experimental results in this 
problem, likewise, scatter from one report to the other. In the 
case of silicon, discrepancies in experimental parameters of 
several hundred percents is not unusual[8]. gince the diffusion of 
impurities in solid is mainly assisted by the presence of point 
defects at their proximity. The investigation of the behaviors of 
point defects helps to develop a deeper understanding of the 
problem of diffusion of impurities in semiconductors. The lack of 
7 
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f u l l y developed theoretical model in semiconductors might be 
partly attributed to the difficulty in obtaining reliable 
information about the point defects in semiconductors, by any of 
the techniques which would have been successfully applied in the 
investigation in metals【8].工打 addition, complication of this 
problem is even built up by the charged states of the point 
defects which would be appreciably coupled to the ionized dopant 
atoms. 
Impurity atoms incorporate in the semiconductor lattice (in 
particular, silicon) essentially in the substitutional 
sites . ^ D u e to the tight binding of the covalent bonds by its 
surrounding atoms, the long range migration of the impurity atom 
is improbable, if not impossible, without the assistance of point 
defects. There are two types of point defects, namely: vacancy (V) 
and self-interstitial (I). The former is due to the missing of an 
atom in the otherwise regular lattice site. The latter is due to 
the addition of a single host atom in a interstice inside the 
lattice space. The generation of the former one is usually 
associated with the generation of the latter. They form a Frenkel 
pair, when they are closely coupled to each other. The following 
reaction governs their mutual relation: 
I + V 二 S (2.1) 
where S represents the host atom in the otherwise regular lattice 
site. It is generally believed that the primary effect impurity 
diffusion in crystalline semiconductors rests on the interaction 
of the impurity atom with these point defects. The migration of an 
impurity atom via each of the two point defect species will be 
discussed at length in the following. 
A . Vacancy Mechanism 
8 
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When an unassociated vacancy is present at one the the nearest 
neighbor sites of a tracer atom (it could be either an impurity 
atom or a host atom if self-diffusion is concerned; in the 
following discussed the terms “tracer atom" and "impurity atom" 
can be interchanged) , it is able to exchange its position with 
this tracer atom if the vacancy and the tracer atom are thermally 
activated. The migration picture is pictorially illustrated in 
Fig.2(a) and 2(b). Notice that the chance that the tracer atom can 
displace from the original site depends on the number of vacancies 
at the nearest neighbor sites of the tracer atom, provided that 
this number does not exceed the number of neatest neighbors. It 
does not primarily depend on the concentration of the tracer atom, 
unless the concentration of the tracer atoms is exceedingly high 
to affect the position of the Fermi level in the energy band gap, 
which would in turns affect the concentration of the point defects 
if they are charged. After exchanging their positions, there are 
several ways that the vacancy at the new site can move. There is, 
of course, a chance that it moves back to the original position, 
exchanging positions with the original tracer atom. In this way, 
no macroscopic diffusion effect is observed. However, there are 
also chances that this vacancy can be trapped by a host atom or a 
tracer atom from other positions. In the first way, it eliminated 
the chance for the vacancy to be trapped back by the original 
tracer atom. In the latter way, the migration of the tracer atoms 
goes one step further in one direction. Due to the concentration 
gradient of the tracer atoms, it is more probable that the vacancy 
is being trapped by tracer atoms from other positions in one side 
than by the original tracer atom from the reverse direction. 
Because of the assistance of the movement by vacancy, the flux of 
the tracer atom by this way of migration , which is always 










tracer atom vacancy 
Fig.2.1 Migration of the tracer atom through exchanging its 




J = - D — (2.2) 
BS BS 石 X 
where J the flux of the substitutional atoms, C^^ their 
BS 
corresponding concentration, D^^ is the diffusion coefficient 
assisted by this mechanism, which should be related to the 
concentration of the vacancies by 
D = D- C (2.3) 
BS 1 V 
The diffusivity D^ has been explicitly expressed by S h a w ^ a n d 
Frank et ai[8】 in terms of lattice spacing a, number of nearest 
neighbors, and the tracer atom dependent jump frequency. In 
thermal equilibrium, the energy required for the substitutional 
atom to migrate site by site is referred as the migration enthalpy 
H" of the tracer atom ； and the energy required to create such a 
BS F 
vacancy to assist the migration is the formation enthalpy H ^ of 
vacancy. The temperature dependence of the diffusion coefficient 
D can thus be related by 
BS 
D = D。 E X P ( - ^ ) (2.4) 
BS BS kT 
where is the pre-exponential factor, Q^^ is the so-called 
BS 
activation energy given by } 
Q = H" + HF (2.5) 
^BS BS V 
Experimental determination for the value of is 
straightforward. This can be done by the Arrhenius Plot of the 
temperature dependent diffusion coefficient against the reciprocal 
of temperature. However, to separate between the value of H^^ and 




determination of the temperature dependence of the point defects. 
It is not easy to perform quantitative analysis of the point 
defects in semiconductors in most cases. 
B. Interstitial Mechanism 
The other way that the substitutional tracer atom can displace 
is by being kicked out from the lattice site, converting it into 
an interstitial species. A self-interstitial (I), thermally 
activated or made energetic by other means, collides with the 
substitutional tracer atom, occupies the position of the latter, 
and displaces it as an interstitial species. (Fig.2.2(a) to 
Fig.2.2(b)) This collision is possible if the self-interstitial is 
at the proximity of the tracer atom of interest, and when the 
self-interstitial is energetically activated. This is the so 
called kickout mechanism. A foreign atom in the interstice can 
produce the similar kickout effect as the self-interstitial. The 
former is more probable if the doping level is not comparable with 
the host atom concentration. The following equation represents the 
kickout mechanism by the collision of a self-interstitial with a 
substitutional tracer atom: 
I + B ‘ B (2.6) 
s < I 
where B "and B represent tracer atom at substitutional and 
s I 
interstitial site respectively. After being kicked out, there are 
several ways that this interstitial-tracer atom can move. 
First of all, it can migrate throughout the lattice space, if 
it acquires enough kinetic energy to overcome the potential 
barrier of the lattice atoms, (Fig.2.2(b) to Fig.2.2(c)). It is 
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tracer atom host atom 
Fig.2.2 Kickout mechanism is from (a) to (b) • Migration 
through the the lattice is shown as (b) to (c). The 
reverse reaction of kickout is from (b) to (d). 
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Foreign atoms diffusing via this mechanism is not unusual in 
metals. This migration does lead to a macroscopic movement of the 
tracer atoms. Usually, this species contributes to the faster 
component of the diffusion. This movement does not depend on the 
presence of self-interstitials near the tracer atoms, once the 
latter species have been created. The diffusion coefficient does 
not have to be linearly proportional to the concentration of the 
self-interstitials, unlike the case of the substitutional 
counterpart. However, their generation as well as their 
annihilation does depend on the presence of self-interstitials. 
The flux of the interstitial-tracer atoms can be expressed as: 
ac 
J = - D - H ( 2 . 7 ) 
BI BI 石 X 
where C is the concentration of the tracer atoms at interstitial 
BI 
sites, D the corresponding diffusivity. Unlike Equation (2.2), 
the diffusion coefficient D ^ is, in general, not linearly 
BI 
proportional to the concentration of self-interstitials C^. The 
presence of self-interstitials might even produce negative effect 
on the migration of the tracer atoms if C^ is high, due to their 
effect on impeding the motion of the tracer atoms within the 
interstices. The functional dependence of J^^ on C^ might be 
implicitly reflected in its functional relation with C^^； where 
the generation or annihilation of C^^ does depend on C^ (see 
Equation (2.6)). We shall show later that only under certain 
conditions, that the linear proportional relation of J^^ on C^ 
could be valid. The temperature dependence of D^^, likewise, 
depends only on the migration energy if^ of the tracer atom at 




D = D° e x p ( — — - ) (2.8) 
BI BI kT 
Secondly, the tracer atom in the interstice might trapped by a 
neighboring vacancy. It can be described by the following 
reaction: 
B B (2.9) 
I <—— s 
The mechanism described by this equation is the so called 
Frank-Turnbull mechanism. It is interested to note that the 
presence of vacancies reduces the concentration of B^, (which in 
many cases can reduce the flux J^^) • 
Finally, the tracer atom can kick out the other neighboring 
substitutional atom. The atom it collides is mostly a host atom at 
the regular lattice site. It is just the reverse reaction 
described in Equation (2.6). The process is represented in 
Fig.2.2(b) to Fig.2.2(d). There is, of course, a chance of 
encountering another tracer atom in substitutional site, the 
collision still results in one in interstitial site and one in 
substitutional site. It might contribute a component in the 
diffusion flux of the tracer atom. However, it is not the 
effective way comparing with the direct migration of the tracer 
atom throughout the interstices. There might be other ways of 
point defect assisted migrations for the tracer atoms, but these 
ways could be represented by the combination of the two mechanisms 
discussed above, which are more fundamental. 
§ 2.1.2 Relative Contributions from Various Point-Defect Species 
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One would also ask which types of migration is dominant. This 
has been a big debate for over the past 30 years. The suggestion 
for either one of the two mechanisms has been found among 
literature, and no consensus has yet been made. To answer this 
question, two factors should b e , experimentally and theoretically 
separated out: the magnitude of the diffusivity for each 
component and the population of migrating species in this 
component. Both the magnitude of diffusivity and the population of 
the dominant point defect species are also temperature dependent, 
as well as process related, building up the complication of the 
problem • The difficulties and the controversial results in the 
investigation of diffusion in semiconductors might lie in the fact 
that separating these two factors is usually difficult. 
Concerning the magnitude of the diffusivity, in vacancy mechanism, 
it involves the movements of two species, vacancy and the tracer 
atom. The tracer atom is also bounded to some extent b y the 
covalent bonds from its neighboring atoms. Thus,this way of 
migration is comparatively slow. On the contrary, in interstitial 
mechanism, tracer atom can migrate throughout the lattice without 
necessarily exchanging position with the other until it is trapped 
into the lattice site. This way is the more effective one, 
giving rise to the faster diffusing component. Vacancy mechanism 
might be dominant if the interstitial mechanism is suppressed b y 
some causes or is infavorable in some cases. In case the mass 
and/or the radius of the tracer atom is larger than those of the 
host atom,' direct migration in the interstitial mechanism is not 
favorable and its diffusivity is thus reduced .The problem remains 
in which type of point defects is more populated. This is a 
complicated problem depending on a lot of process conditions as 
well as the past history of the wafer under investigation. 
Generally speaking, due to the bimolecular recombination of 
vacancy and self-interstitial, such as 
• 16 
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I + V ^ S (2.10) 
the supersaturation of one species always leads to the 
undersaturation of the other when chemical equilibrium condition 
C C - C V ( 2 . 1 1 ) 
V I V I 
has been attained, (C denotes the concentration of point defect 
X 
species X , C® denotes its equilibrium value, where X=I or V; S 
represents the host atom in the regular lattice site). 
Experiments have been performed on the investigation of diffusion 
behaviors of group III and group V dopant atoms in crystalline 
silicon under the condition of oxidation or nitridation. Growth of 
oxidation enhanced stacking faults (OSF) and oxidation enhanced 
diffusions (OED) for some group III and V elements in silicon have 
been observed[ii]_[i8]simultaneously• ^hese dopants include boron, 
aluminum, phosphorus and perhaps arsenic. Retarded diffusion has 
been observed for antimony under oxidation. On the contrary, under 
nitridation condition, shrinkage of the stacking faults and 
retarded diffusion for B, P and perhaps As have been observed 
while antimony diffusion is enhanced. Hu【i9] f^^gt suggested that 
the oxidation enhanced diffusion is related to the growth of the 
stacking faults. Tiller[2°], ^^^ also Tan and Goesele[2i】have 
suggested that during oxidation, the injection of Si 
self-interstitials from the SiO -Si interface into the bulk leads 
2 
to the supersaturation of self-interstitials. Vacancies in the 
bulk are absorbed at this interface, leading to an 
undersaturation. In case of nitridation, in the opposite 
direction, vacancies are injected, and self-interstitials are 
absorbed. Even though Van Vechten^^^^ has argued that 
alternatively these extrinsic interstitial type stacking faults 
might be formed in the presence of over-numbered vacancies without 
invoking the precipitation of self-interstitials, neither the 
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formation of these stacking faults by the precipitation of 
self-interstitials under supersaturation has been ruled out, nor 
any connection between the enhanced diffusion of B, and P in 
oxidized silicon, retarded diffusion of Sb, and the over-numbered 
vacancies have been provided in his work. These are the 
experimental accounts on modifying the population of the point 
defects b y external conditions which in turns helps to distinguish 
through which mechanism a dopant might diffuse in silicon. A 
conclusive consensus seems to have reached that B , P and perhaps 
As diffuse mainly via interstitial mechanism; but Sb, on the 
contrary, diffuses via vacancy mechanism. The second question in 
the last paragraph has thus b e e n answered here. The comparison of 
masses and radii between the dopant atom and silicon atom might 
provide some hints for determine which of the mechanisms might be 
dominant, b u t it is not enough to explain all these experimental 
results, as one should note that both phosphorus and arsenic atoms 
have higher radii that that of silicon atom. Probably careful 
examining the coulombic interaction, and also the strain potential 
introduced b y the defect and/or impurity would provide some more 
hints. Early works have tried to determine the dominant 
defect-assisted mechanism by comparing the formation energy and/or 
migration energy of the diffusion species with the formation 
energy of the alleged point defect, and its corresponding energy 
level within the forbidden b a n d gap. This way of assertion is not 
reliable, since neither the measurement of the activation of the 
diffusion species, nor the formation energy of the point defect 
involved are unequivocal. 
To quantify the contribution by each of the two mechanisms 
mentioned above, many authors【9]' [！^] have conventionally 
introduced the factor f^ defined by 
18 
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f = Dbi (2.12) 
D +D 
BS BI 
to measure the relative contribution from the component of 
interstitial mechanism. This factor appears in the diffusion 
equation in the following way: 
dC 3 「r C^ CT) 5C • 
J ——（1-f ) 丄 + f 」 D — B (2.13) 
at ax ^ ' < I c]) B ax 
L V 上 
where D = D + D . In this equation, a dual-mechanism model, 
B BS BI 
including both the vacancy and interstitial mechanisms, has been 
assumed. We shall discuss this model at length in the next 
section. 
Since the fluxes of the impurity atoms defined by (2.2) and 
(2.7) depend not only on their diffusivities, b u t also on the 
concentration gradients, etc, instead of (2.12),we fell it more 
appropriate to introduce another factor to measure the relative 










B S ^ BI 
D - r - ^ +D ~ 
B S a x BI 5 X 
The corresponding diffusion equation for impurities would become 
ac 5J 




L t D ’ • 
5 BI ax 
_ J 
where J = J + J . Notice that if concentration gradients for 
w n e r e BS BI 
the substitutional and interstitial species in (2.14) are all 
equal, then F^ will be reduced to f^. This clearly will not be the 
case in general. 
§ 2.1.3 Impurity-Point Defect Pairs or 'Centers' 
Since the migration of impurity atoms is always assisted by 
the point defects, many authors suggested the concept of centers. 
There are quite a number of works in the literature discussing the 
diffusion of these centers or impurity-point defect pairs. Watkins 
et aj[[23]have proposed the A-centers for the 
v a c a n c y / i n t e r s t i t i a l - o x y g e n pairs, and E-centers for 
vacancy/substitutional-phosphorus pairs in silicon. Dederich et 
a 严]have introduced the concept of mixed dumhhells for 
self-interstitial/substitutional foreign atom pairs. It is 
inevitable that this interaction between the impurity and the 
point defect is quite important for the migration of the former. 
However, one should not take the word 'centre' too literally since 
the probability for a definite defect-impurity pair to move 
together all the all the ways should be very low. The concept of 
centers only reflects in statistical sense the ability and extent 
that the point defect can be coupled with the impurity atom under 
thermal equilibriuin【9】• ^he concentration C^^in the following 
expression 
EB 
C = K C C exp ( ^ ) (2.16) 
BX BX B X KT 
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might be interpreted as the concentration of impurities B being 
able to be coupled with the point defect X . E^^ is the 
corresponding effective binding energy. In short, when talking 
about the diffusion of a 'centre' or an impurity-point defect 
pair, it should be conceived that the impurity atom have in fact 
coupled and de-coupled many times with a larger number of 
individual point defects along its way. 
§ 2.1.4 Anomalous Diffusion 
In pursuit of diffusion in semiconductors, the term anomalous 
diffusion is usually encountered. This term carries different 
meanings in different occasions. It might refer to the case where 
the diffusion is spatially and/or temporally dependent, where no 
simple diffusion coefficient suffices to quantify the whole 
diffusion process. It can also refer to the case where the 
magnitude of the diffusion coefficient far deviated from what 
might be obtained under thermal equilibrium or under intrinsic 
condition. This deviation from equilibrium condition can be 
attributed to the deviation of the concentration of point defects 
from thermal equilibrium values. It is caused by various 
processing conditions such as ion-implantation, oxidation, etc. 
The supersaturation of the point defects, referred to the case 
where the concentration of a species of point defects far exceeds 
the thermal equilibrium value, is usually aliased by the name 
damage. In case where the wafer becomes amorphous or highly 
disordered, the relation of the dislocations and extended defects 
with the diffusion of impurities might be more complicated. In 
compound semiconductors, since there are two/or more types of host 
atoms, there are more number of point defect species, each plays 
different roles. There are also anti-site defects： for example, in 
GaAs, an arsenic atom residing on a gallium lattice site As^^.This 
makes the study of diffusion in compound semiconductors even more 
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difficult. In this work, we shall restrict ourselves only in the 
diffusion of boron in silicon. 
§ 2.2 Historical review on theoretical models 
A . Vacancy model 
Early works on the problem of impurity diffusion in 
semiconductors have assumed that vacancy mechanism solely 
determines the diffusion behaviors. The authors of these works 
include Fairfield and M a s t e r s ^ " \ F a i r and Tsai[26] ’ Mathiot and 
Pfister【27】，Yoshida[28】，chu and Gibbons【^日].There are many 
reasons for the adoption of this model. The three major ones are 
summarized as follow: 
(1) Vacancy is believed to be the dominant point defect under 
thermal equilibrium at elevated temperatures. Experimental results 
have been quoted by Van Vechteh^"^ that only vacancies or vacancy 
complexes have been identified by electron paramagnetic resonance 
after the electron irradiation of group IV or III-V compound 
semiconductors. Frenkel pairs should have been produced. The 
absence of self-interstitials might be ascribed to the rapid 
athermal migration of self-interstitials. The large formation 
energy H^ ^ which has been assigned for self-interstitials makes 
them energetically unfavorable for existence. 
(2) The migration as well as the activation energies of the 
diffusing impurity atom evaluated from theoretical model assuming 
vacancy mechanism are closely related to the formation energy of 
the vacancy involved and the position of its energy level within 
the forbidden band gapD。] if they are charged. 
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(3)The doping level dependence of diffusion coefficient in 
germanium supports the vacancy mechanism. The larger diffusion 
coefficients for group III impurities in germanium than for group 
V impurities was suggested as a result of the role of the 
positively charged vacancies on the dopant diffusion. This view 
has been extended to explain the diffusion behavior in silicon. 
Among these works, the model developed by Fair and Tsai has 
, , [31][32] 
been widely adopted in many semiconductor textbooks as 
well as process simulators【之？】such as PREDICT, Because of its 
importance, a brief review is introduced here. 
F a i r叫 s t a r t e d in formulating the self-diffusion (i.e., the 
diffusion of silicon atoms in crystalline silicon) coefficient as 
a linear superposition of the contributions of vacancies in 
different charged states, 
C C C ^ C 
Di = D^ ^ + D" ^ + ^ + D^ ^ (2.17) 
Si V V v v 
where D: is the vacancy diffusivity in charged state r (r = x for 
V 
neutral, - for singly negatively charged, = for doubly negatively 
charged, + for single positively charged state of vacancy), n^ is 
the number of sites in the regular lattice. In order to conform 
with the notations adopted in this thesis, the original notation 
for the concentration of vacancies [v""] has been replaced by 
Here an assumption has been made that there are four charged 
states for the vacancies: neutral (x), singly negative 
( a c c e p t o r ) ( - ) , doubly negative (double acceptor) (=) and positive 
(donor) (+). Each of these states has a unique energy level given 
by Van Vechten【30] • further assumed that the equilibration 




C n r 
二 - f \ (2.18) 
Ci ^ n ? 
vr 
where n denotes the electron concentration; and variables with the 
subscript or superscript "i" denote the corresponding intrinsic 
values. The (carrier) concentration dependent self-diffusion 
coefficient D is thus derived 
SI 
D = D" + D- m + H ' + D : . (》） （ 2 . 1 9 ) 
Si Si Si 乂 Si 、n 乂 si 乂 n 乂 
i i 
In the case of impurity diffusion in silicon, the diffusivities 
D^ in Equation (2.19) have to be modified, so that the diffusion 
coefficient of the impurity atoms is then given by 
D - h d" + D" P " ) + D= + ( ^ ) (2.20) 
B Bi Bi 、n ) Bi 、n 乂 Bi 乂 n 乂 
I i i 
Again, in order to conform with the notation adopted in this work, 
Dr represents the impurity diffusivity assisted by the vacancies 
Bi 
in charged state r under intrinsic condition, D^ denotes the 
impurity diffusion coefficient, h is the correction factor due to 
the electric effect from the non-uniformity of the charged 
impurities. 
> 
There are two major reasons that this model is questionable. 
First of all, the carrier concentration dependent diffusion 
coefficient fails to be valid in many cases, especially in case of 
rapid annealing processes where the equilibration among the 
charged carriers and the charged vacancies have not reached,and in 
the case where the doping level is very high, (even if the 
equilibration of the charged point defects and carriers has been 
attained.) In low doping case, the difference between the 
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impurity concentration dependence and the point defect 
concentration dependence is not pronounced. The argument on the 
difference between the impurity dependence and point defect 
concentration dependence are presented in Appendix A . As an 
example, the experimental results from Powell's work to be 
discussed in the next chapter clearly demonstrate that Equation 
(2.20) cannot apply in this case. Furthermore, there has been more 
and more experimental evidence in recent years that under highly 
non-equilibrium conditions, there is supersaturation of 
self-interstitials in many cases. The vacancy mechanism is no 
longer the sole candidate of the dominant mechanism. 
B . Dual stream model 
A natural logical extension of the vacancy model is the dual 
mechanism model. The reason is obvious, since there are many cases 
where self-interstitials are generated in extrinsic condition, and 
o , [351 [36] 
vacancies are undersaturation. Moreover, Seeger and Chik 
have noticed that there are two activation energies in the 
Arrhenius Plot of the diffusion coefficient of the impurities, as 
this plot manifested more like a curve than a straight line. They 
suggested that the dominant mechanism is different at different 
temperature ranges. At low temperatures, vacancy mechanism is 
dominant; while at high temperatures, interstitial mechanism takes 
over as concentration of the thermally generated 
self-interstitials increases with temperature. The other reason 
for the suggestion of the dual mechanism is drawn from the 
experimental analysis of gold diffusion in silicon at high 
temperature. Morehead et al【37] had concluded that both vacancy 
and interstitial mechanism should contribute appreciable 
proportions in the diffusion. Similar conclusion can be obtained 
[38] 
for the diffusion of other impurities in silicon. The early 
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works of the dual mechanism model could be quoted from the work 
of Hu et al【38】. The diffusion coefficient of the impurity under 
thermal equilibrium can be expressed as 
D® - D + D (2.21) 
B BI BS 
where D and D are the impurity diffusivities via interstitial 
BI BS . 【13】 
and vacancy mechanism, respectively. Antoniadis and Moskowitz 
suggested an expression for the impurity diffusion coefficient 
under oxidation where the point defects are not under thermal 
equilibrium, 
C C 
D - D 丄 + D 」 （2.22) 
B BI E BS ^E 
I V 
where C is the concentration of the point defect species X , (X=I 
X 
for self-interstitial, X=V for vacancy), quantities superscripted 
with "E" represent the corresponding thermal equilibrium values. 
This model has also been supported by Tan 口®】，Fahey et al ’ 
and Hu et al • 
Equation (2.22) can be reduced into Equation (2.21) if the 
point defect concentration have restored their thermal equilibrium 
values. The advantage of this model is that there is no a priori 
assumption on the dominant mechanism. This has to be determined 
experimentally. Secondly, the non-equilibrium nature of Equation 
(2.22) could meet the many situations in experiments, especially 
for rapid thermal annealing and heavy doping case. In order to 
include the effect from different charged states, Equation (2.22) 
can be easily extended into 
D . y D^ + y D^ ^ ^ (2.23) 
B L BI ^ E L BS -E 




where C is the concentration of the point defect X in charged 
Xr 
State r, and D^ are their corresponding diffusivities. 
BX 
In Equations (2.22) or (2.23), it is seen that the 
contribution of the diffusion component is linearly proportional 
to the concentration of the corresponding point defects. This is 
an assumption. For vacancy mechanism, as has been argued in 
Equation (2.3), this proportional relation holds as far as the 
number of vacancies does not exceed the total number of nearest 
neighbor sites of the substitutional atoms. This condition is 
always valid. However, in the case of interstitial mechanism, the 
migration of an impurity atom in the interstitial site does not 
necessarily depend on the presence of the self-interstitials at 
its proximity. The existence of the latter can act as an obstacle 
for the movement of the former. The role for self-interstitial 
plays on the migration of the impurity atom is that it provides a 
chance to displace the impurity atom from its substitutional site 
into an interstice, thus creating a comparably mobile species. 
Consequently, under conditions of highly non-equilibrium and 
supersaturation of self-interstitials, this linear relation of the 
interstitial component may not be valid. Moreover, a sound 
physical picture behind this formulation has not been given. In 
conclusion, there is no symmetrical situations between the vacancy 
mechanism and the interstitial one. In the former case, the 
coupling of the vacancy - impurity pair and the migration of the 
impurity atom are not separable. In the latter case, however, the 
coupling of the self interstitial-impurity pairs and the migration 
of the impurity atoms at the interstices can be separated. 
Pantelides【⑵ has critized on the dual mechanism model. He 
remarked that Equation (2.22) was first introduced by 
Antoniadis【叫 without derivation, and then referred by many 
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subsequent authors without discussing its applicability. 
Cowern【“】has also presented a criticism on this conventional 
dual mechanism model. He argued that in the case of arsenic 
diffusion in silicon where contributions from both vacancy and 
interstitial components are equally important, the dual mechanism 
model fails to fit experimental profiles. Instead, Cowern has 
proposed a more general two stream model, where the diffusion 
coefficient for the interstitial component is not linearly 
proportional to the concentration of self-interstitials C^. Based 
on the generation of the impurity at the interstitial site B^ by 
the kickout mechanism (Equation (2.6))’ and the restoration to the 
substitutional site B by the so-called Frank-Turnbull mechanism 
s 
(trapped by a vacancy), (Equation (2.9)), and the assumption that 
local equilibrium is attained between B^ and B^ by the above two 
mechanisms, a diffusion equation for impurity (B) is obtained 
dC d \ d 
— I ——D — ( e C) (2.24) 
at ax BI 、 
La "“ 
where C - C + C is the total impurity concentration, e is the 
B BI BS 
factor relating the concentrations of B^and B^ by C^^- e C^^ The 
notations used by Cowern for D and C^ have been changed here in 
order to conform with the notation used in this text. The factor e 
is derived from the local equilibrium condition between B^ and B^ 
via the kickout and Frank-Turnbull mechanism, and is explicitly 
given by 
g (C g 
E 口 SI I I V (2.25) 
where g's and r's are the corresponding generation and 




A similar approach has been adopted in our recent work in 
order to explain Powell's experiment. But we have assumed only 
the reaction as described in Equation (2.6) has attained 
equilibrium, i.e. , B and I has attained equilibrium via the 
kickout mechanism. In the undersaturation of vacancies, the 
equilibration via Frank-Turnbull mechanism is not effective. This 
will be discussed in more detailed in the next chapter. A more 
general formulation without assuming the equilibrium conditions of 
these reactions will be given in the next section. 
Another implication of Equation (2.23) is that the diffusion 
of the impurities (B) not only depends on the concentration 
gradient of B, but also on the concentration gradient of 
self-interstitials (I) and on vacancy (V). This will be discussed 
further in Chapter Four. 
One more point to conclude this section,while it has been 
generally accepted in recent years that interstitial mechanism is 
believed to be dominant for boron and phosphorus diffusion in 
silicon, and vacancy mechanism is to be dominant in antimony 
diffusion in silicon; there is so far neither direct observation 
during diffusion of the presence of these defects nor quantitative 
measurement of them reported 
§ 2.3 Formulation of the General Model 
The aim of the theoretical derivation here is to develop a 
simple model, simple enough not to introduce excessive parameters 
and equations； but general enough to be applicable to situations 
commonly encountered in many modern IC processes such as the 
transient thermal treatment, the high dose implantation, 




§ 2.3.1 Effects to be and Not to be Considered 
There are too many factors that might influence the 
macroscopic behavior of the impurity diffusion. A theory that 
incorporates all these effects will therefore be impractical and 
also undesirable. In the following we shall first clarify what 
effects would be considered in our model and what effects w i l l 
n o t . For those effects not considered in this model, we shall 
further distinguish them into 'essential' or 'non-essential'. 
The 'non-essential' cater gory includes those effects which 
are excluded only for simplicity and which can be easily 
incorporated into the present model by simple extension, (e.g. the 
effect of charged states of the point defects, etc.). But to 
incorporate the effects in the 'non-essential' catergory. a lot 
more elaborated work is necessary and can be a subject of another 
thesis. 
We shall consider only the effect of two types of point 
defects, namely, vacancy (V) and self-interstitials (I)’ on the 
diffusion of impurity atoms (B) in our model. We shall not 
consider the following ,non-essential' effects: 
I 
a. Interfacial effects such as segregation effect at the 
silicon dioxide/silicon interface, the silicon 
nitride/silicon interface, or the amorphous/crystalline 
interface. 
b . The charged state effects of the point defects which will 
introduce complicated doping level dependence, since the 
population of each of the charge states of the point 
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defects is dependent on the position of the Fermi level. It 
is valid to neglect this effect it there is only one 
dominant charged state for each of the point defect 
species. 
c. The effect of the existence of more than one type of 
vacancies, or self-interstitials, or other defects, as of 
the case in compound semiconductors. 
d. The effect due to the electric field established by the 
imbalance of charge point defects, dopant atoms and 
carriers. This effect causes an additional drift term for 
the motion of the charged dopant species. 
Nor shall we consider the following 'essential' effects: 
e. The effect of clustering of impurity atoms which may be 
important in heavily doped semiconductors. This effect may 
also be responsible for the anomalous pick and shoulders 
observed in the implanted boron profile after certain 
thermal treatment(e.g. as in Powell's work to be discussed 
in Chapter 3.) 
f. Athermal motion of the charged point defects, i.e. the 
charged state is changed along the motion of the charged 
point defects. This change causes the change in the 
formation energy of the point defects. 
§ 2.3.2 Derivation of the Basic Equations 
We have assumed that the two types of point defects interact 
with the impurity atoms essentially through the following 
reactions: 
I + B ‘ B (2.26) 




V + B ‘ B (2.27) 
I < s 
Equation (2.26) describes the kickout mechanism and its 
reverse, and their corresponding reaction rates are given b y 
S - R:C C (2.28) 
1 1 I BS 
and 
S - R C (2.29) 
2 1 BI 
Equation (2.27), likewise, describes the Frank-Turnbull and 
its reverse, with their corresponding reaction rates given by 
S = R' C C (2.30) 
3 2 V BI 
and 
S - R C (2.31) 
4 2 BS 
where R' R , R' and R are the corresponding chemical reaction 1 1 2 2 
rate constants. The two types of point defects can also be 
mutually recombine to restore to an otherwise perfect lattice 
site described by the following reaction 
I + V 二 S (2.32) 
The transport for each of the species, including the 
recombination and generation kinetics with the reactions described 
32 
Chapter Two 
by Equation (2.26). (2.27), and (2.32), as well as the diffusion 
driven by their gradients are given by 
dC d [ dC ' 
_ E l » — D — — - R (K C C -C ) + R (K C C -C ) 
„ B I , 2 、 2 BI V 1 、 1 I B S B I ' 
a t ax d X 
(2.33) 
dC d [ dC ' 
— M D + R (K C C -C ) - R (K C C^ -C ) 
B S ^ 2 、 2 BI V B S ' 1 1 I B S B I 
d t dx d X 
Im J 
(2.34) 
C » C + C (2.35) 
B B I BS 
8C d^c c c -c^c^ 
！ - R ( K C C - C ) - (2.36) 
3 t " a x ^ 2 、 2 BI V BS 
and 
ac a^c c c -c^c^ 
」 = D ^ - R (K C C -C ) - I V (2.37) 
3 t I a x 2 1 … S B I T , 
where K - R'/R and K = R'/R are the equilibrium rate 1 1 1 2 2 2 
constants, 1/r' the recombination rate for the bimolecular 
recombination between V and I. 
In writing these equations, several implicit assumptions have 
been made. The diffusivity D for the substitutional species is 
BS 
linearly proportional to the 〜，as expressed in Equation (2.3), 
and an activation energy as the sum of the migration enthalpy of 
B^ and the formation energy of V described by Equation (2.5). The 





equal to the migration enthalpy of B^. The diffusivities for 
vacancies and self-interstitials, likewise, are functions of 
temperature only, with the migration enthalpies iT and if 
respectively. 
There might be other ways that the point defects could be 
eliminated or generated, the former might be due to the 
elimination of the point defect at the surface by a driving force 
of the strain field, the latter might be from the sources other 
than thermal generation; these source might include the injection 
of defects from the oxide/silicon interface, injection from 
dislocation loops, clusters or amorphous regions. These effects 
can be, in general, included in the transport equations by 
imposing the corresponding generation terms and recombination 
terms in (2.36) and (2.37) respectively. The expense to include 
these effects is, of course, the introduction of more parameters. 
The general model is now established described by Equation 
(2.33) to (2.37) However, solving these coupled equation is still 
a tedious task even with the aids of modern high speed and large 
memory computers. As shown in the next chapter, when the model is 
applied to fit experimental data, further simplifying assumptions 
can be made in accordance with the specific situations. The 
validity of these specific assumptions can vary with various 
situations. Therefore, useful information can be obtained for the 
particular situation of interest from the quality of the fit. It 
should be stressed here that a lot of assumptions have been made 
to arrive at this set of model equations (2.33) - (2.37), which 
clearly does not necessarily meet the situation of every 
experiment. To tackle different experimental situations, these 
assumptions should be modified as appropriate to give the correct 
set of model equations. 
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C H A P T E R THREE 
MODELING OF DAMAGE ENHANCED DIFFUSION OF IMPLANTED 
BORON IN SILICON 
§ 3.1 Brief Description of Powell's experiment 
A few years ago, Powell[i】 has performed an experimental study 
on the effect of implantation dose and various annealing 
conditions on the diffusion of implanted boron in silicon. He 
found some anomalous results which cannot be explained using 
simple conventional theory and he attributed these effects to 
implantation damage. It is the aim of this chapter to explain the 
damage enhanced diffusion (DED) behaviors of implanted boron in 
silicon observed in Powell's experiment by applying the 
theoretical model developed in the last chapter.. A brief 
description of this experiment is introduced the following. 
The ultimate goal of Powell's experiment is to develop the 
techniques for the formation of shallow pn junction in silicon. He 
tried to eliminate the redistribution of the implanted boron atoms 
by using three schemes: (i) using BF; ion source in order to avoid 
the beam instability and defocusing effect of using low energy 
boron (B+) implantation while reserving the effect of low incident 
energy for boron ions; (ii) reducing the channeling effect by 
silicon preamorphization; and (iii) using various annealing 
schemes to minimize the diffusion effect. The (100) silicon wafers 
(n-type 1-5 CI cm) were pre-amorphized by two successive Si 
implantations: an incident energy of 190 keV and dosage of 2x10 
cm-2, and then followed by an incident energy of 50 keV and dosage 
of Boron ions were then introduced by BF; ion 
implantation with an incident kinetic energy of 49 keV, resulting 
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an effective kinetic energy for the boron ions of about 11 keV. 
Two dosages of implantation have been employed. In high dose 
implantation (HD), the dosage was 6x10^^ cm ； and in low dose 
implantation (LD), the value was 2x10^^ cm \ The wafer 
temperature during the implantation has not been specified, it is 
believed to be at room temperature. 
The as-implanted wafers were then subjected to different 
annealing conditions (to be refereed as furnace annealing, rapid 
thermal annealing, and two step annealing) with the sample 
surfaces uncapped. Furnace annealing (FA), was performed at 900°C 
for 30 minutes. In rapid thermal annealing (i2TP), wafers were 
exposed to the rapid radiation emitted from a graphite heater. The 
heater temperature was reported to be at 1250°C, resulting in an 
estimated temperature of about 1000°C at wafer surfaces. The 
exposure times of RTP, , which was controlled by the molybdenum 
shutter between the graphite heater and the wafers, were about 10 
or 15 seconds. In two step annealing (TSA), wafers were under two 
successive heat treatments. Prior to the exposure under the same 
rapid radiation for 15 seconds as in the case of RTP, they were 
heated at 550°C for two hours. 
The resulting boron profiles after different annealing 
conditions were determined using secondary ions mass spectroscopy 
(SIMS). They are reproduced here, in Figure 3.1 and Figure 3.2, 
respectively, for the high dose and the low dose case, represented 
by three different curves for three different annealing 
conditions. From these profiles, it was demonstrated that in the 
low dose case, the diffusion effect resulted from RTP was less 
than that effect produced by FA. However, in the high dose case, 
this trend was reversed. 15 seconds RTP has produced larger 
diffusion effect than FA did. Minimal and negligible diffusion 
effect was found after the treatment of TSA. The extents of 
*We believed that the actual temperature at the wafer surface can 
be as high as 1100。C based on our simulation. This will be 
further discussed in the the results and discussion. 
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diffusion effect after various thermal treatments in this 
experiment can be summarized schematically by expressions in (3.1) 
and (3.2), respectively, 
High Dose case (HD): 
RTP (15 sec) > FA > TSA (3.1) 
Low Dose case (LD): 
FA > RTP (15 sec) RTP (10 sec) (3.2) 
The major features of this experiment is that the large extent 
of dopant redistribution by RTP in the high dose case has been 
observed, which was quite undesirable and unexpected. Moreover, 
the dosage dependent diffusion phenomenon has also been obtained 
(the ordering of the extents of diffusion differs for the high 
dose case from that for the low dose case) • An additional 
annealing step at 550°C, which should not have caused any boron 
redistribution directly at such low temperature, did cause 
significantly different boron diffusion in the later annealing 
step. A moment's thought would suggest that the excessive point 
defects generated during ion implantation (implanted damage) must 
have played important roles on these anomalous diffusion 
behaviors. 
Obviously, the constant diffusion coefficient model described 
by risk's law (Equation (1.1)) cannot explain most of the features 
in this experiment. Had the diffusion coefficient depended only on 
temperature, the resultant profiles would have been somewhat in 
Gaussian shape (since the initial profile was essentially a 
Gaussian)； the difference in the order of the extent of diffusion 
between the low dose and high dose cases would not have existed. 
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coefficient can explain the difference observed between the boron 
profiles after RTP and TSA since according to this theory, RTP 
and TSA would have produced almost the same extent of boron 
diffusion. 
The general formulation of the point-defect assisted diffusion 
model developed in the previous chapter can then be applied to 
this situation. It will be shown in the remaining of this chapter 
that b y considering the local relaxation and diffusion of excess 
point defects, the basic features of this experiment can be 
successfully reproduced. 
§ 3.2 Modeling 
Before the general model can be put into the numerical 
calculation, several assumptions have to be introduced here so as 
to give the initial condition for the excess defect profile. Some 
other assumptions are introduced to further simplify the 
calculation. These are discussed as follows. 
(1) The initial damage distribution is assumed to follow a 
Gaussian distribution. The concentration of the point defects, 
which is assumed to be proportional to implantation damage, is 
also Gaussian distributed. 
(2) The Dominant point-defect species of the implantation 
damage is self-interstitials.That is to say, self-interstitials is 
in supersaturation (far exceeding the concentration given b y 




(3) The initial distribution of these excess 
self-interstitials due to implantation damage is proportional to 
the damage distribution with the magnitude proportional to the 
corresponding implantation dosage. 
The assumptions (1) to (3) essentially give the initial 
conditions of the self-interstitial profile. 
(4) Interstitial-boron atoms (B^) have attained local chemical 
equilibrium with the self-interstitials (I) via the reaction 
(2.26), so that 
C = K C C (3.3) 
BI 1 I BS 
Note that this is an independent assumption whose validity 
can be justified only through the fitting results. 
(5) The dominant diffusing species is assumed to be the 
interstitial-boron atoms (B^). For first order approximation, the 
contribution of substitutional component via vacancy mechanism is 
ignored, such that D^^ < more precisely, D^^C^^^ 
(6) Because of the bimolecular recombination between the 
self-interstitials and vacancies, the supersaturation of I leads 
to the undersaturation of V , so that the concentration of 
vacancies C , must be very small. In this work, we have assumed C^ 
V [13] 
- C ^ , its thermal equilibrium value. Antoniadis and Mokowitz 
V 
have pointed out that the assumption on 〜 d o e s not have too much 
effect on the simulated result, if the dominant component happens 
to be interstitial mechanism. 
Both assumptions (5) and (6) are not essential. They are 
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introduced only to reduce the numerical effort. Without assumption 
(5), we have to introduce one more fitting parameter D ^ . Without 
assumption (6〉，however, one more transport equation for C^, and 
two more parameters, namely D and R , should be included. 
V 2 
Basic Equations 
By summing Equation (2.33) and (2.34), and by (2.35), together 
with assumption (5), we have a diffusion equation for the total 
boron atoms, only neglecting the first term of the R.H.S. of 
(2.34) 
dc a r ac” 
— L . = — D — (3.4) 
a t ax BI3 X 
This equation shows that the boron diffusion is totally determined 
by the interstitial species, which is a consequence of assumption 
(5〉. Imposing Assumptions (4) and (6) , the diffusion equation for 
self-interstitials is modified as 
ac! d^C C -C二 
」 = D - - - — (3.5) 
d t ^dx^ T 
Notice that a self-interstitial can be eliminated locally by 
encountering a vacancy (Equation (2.31)), such that the effective 
relaxation time r for recombination is given by 
r - r V (3.6) 
‘ V 
Because of the local chemical equilibrium between B^ and I through 




C » ~ C (3.7) 




C C (3.8) 
BS 1 + K C B 
1 I 
The numerical calculation can then be set out with appropriate 
set of fitting parameters. There is one more observation worth 
mentioned here. If the factor K^C^ in Equations (3.7) and (3.8) 
satisfies K^C^ 1, we would have 
C s K C C (3.9) 
BI 1 I B 
Substituting (3.9) into Equation (3.4), the boron transport 
equation then becomes 
dC a「 C C ) 1 
丄 — D … (3.10) 
d t ax BI a X 
hm 
This equation is distinct from the equation given by the 
conventional dual stream model"in which the diffusion coefficient 
for the interstitial component is suggested to be linearly 
proportional to the concentration of self-interstitials such that 
ac d r C f dC \ ' 
D (3.11) 
a t 5x B I cE a X J 
^ I 
It is clearly seen from Equation (3.9) that both the 
concentration gradients of self-interstitials and boron atoms 
contribute to the diffusion of boron atoms. On the contrary, from 
Equation (3.11), only the concentration gradient of borons leads 
41 
Chapter Three 
to its own diffusion. 
It is also seen from Equation (3.4) and (3.7) that the 
enhanced diffusion is attributed to the increase in the fraction 
of the mobile impurity species B^ due to the supersaturation of I. 
Therefore, as K^C^ increases, ultimately when all boron atoms 
become interstitials, the enhanced diffusion effect will be 
saturated. But the enhanced diffusion as suggested by (3.11) is 
though the enhancement in the effective diffusion coefficient 
which is directly proportional to C^. The implication of (3.10) 
will further be investigated in the next chapter. 
The transport equations for B and I can be solved numerically 
by the coupling Equation (3.5) and (3.10), imposing appropriate 
initial and boundary conditions as described as follow. 
The initial boron and self-interstitial distributions are 
given by 
$ (x-R 
C (x,t) = exp ( ^ ) (3.12) 




max (x-R ) 
c (X,t) - c exp ( ) + C (3.13) 
I I . P 
respectively; where $ is the implantation dosage, R^ and R。 are 
the ranges of the boron and self-interstitial distribution, 
respectively; AR and AR their corresponding stragglings; C is 
p D P •十 
the residual excessive self-interstitials due to the Si 
pre-amorphization. The boundary condition for boron distribution 
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is that there is no out diffusion of the boron atoms across the 
surface,• so that 
dC 
J = - D — = 0 (3.14) 
B BI 二” „ 
x=0 O X x=0 
Numerical Methods 
The normalized variables and parameters are defined as 
follow: 
£ ^ (3.15) 
• m a x 
B 
n ——^ (3.16) 
C m a x 
B 
X* = ^ (3.17) 
O 
t* 丄 (3.18) 
t 
0 
= K C 臓 (3.19) 
1 B 
/ = r/t (3.20) 
O 
• t 
and D* = D - (3.21) 
o 
where the subscript j in Equation (3.21) represent the diffusivity 
of interest (j= BI or I). Numerical values for these normalizing 
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parameters are C™^'' = 4.2x10^° cnTS, t。 = 600 seconds, L。 » 1000 
A . The implicit variables: temperature T and energy E, have also 
been normalized by T* = T /T(900。C) and E* = E/kT(900°C), 
respectively. Equations (3.10) and (3.5) are then converted into 
the normalized forms as 
O r- -I 
d^ * 3 「 1 
D ——urj^ (3.22) 
« * BI o 2 
at ax L J 
and 
«2 E 
drj ^ d ri r\ - r? 
D (3.23) 
^ * I o 2 * 
at 3x r 
This pair of normalized partial differential equations are then 
converted into difference equations by the finite difference 
method, such that 
P = e - AD* (z - 2z • + z. 1 .) (3.24) 
、i,j BI i+l.j i.j 1-1,J 
and 
n = n - 入 D * (ry -2” . + »?.,.) 
-(r；. v b k/r* (3.25) 
1, J J 
where 
z = 1/ r? ^ (3.26) 
i,j j 'i.j i.j 
We have discretized the space and time by the steps h , and k, 
respectively, such that 
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X* = i h (3.27) 
i 
t * = j k (3.28) 
j J 
X- k / h" (3.29) 
协 V (3.30) 
” .=”(x*, t*) 
i f j i J 
The variables £ and rj from Equations (3.24) and (3.25) 
can be solved numerically, by inputting appropriate parameters, 
* 
and temperature profiles .(The flow chart for the numerical 
solution is given in Appendix B). The fitted profiles (represented 
by different symbols for different annealing conditions) along 
with the experimental profiles from Powell's⑴ work, are shown in 
Fig. 3.1 and Fig. 3.2 for high dose and low dose cases, 
respectively. The numerical results of the fitted parameters are 
listed and discussed in the next section. 
§ 3.3 Results and discussions 
From Fig.(3.1) and Fig.(3.2), the simulated profiles agree 
quite well with the experimental ones in terms of the extents of 
diffusion. Even though the detailed knowledge of the implantation 
is incomplete, for example, the wafer temperature during 
implantation, which will affect the initial excess defects 
o 
*We have adopted the RTP temperature to be 1100 C 
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Fig.3.1 Simulated profiles (symbols) for implanted boron in 
silicon for the high dose case. The experimental 
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Fig.3.2 Simulated profiles (symbols) for implanted boron in 
silicon for the low dose case. The experimental 




significantly, is not provided, the DED behaviors of Powell's 
experiment is successfully explained by this simple model. The 
detailed shape of each of the profiles are not exactly fitted. 
Achieving this detailed fitting would demand lot of parameters, 
and would spoil the beauty of this simple model whose initial 
intention is to provide a basic understanding of the DED 
behaviors. In order to quantitatively measure the extents of 
diffusion under various conditions, a diffusion characteristic 
length is defined as follow 
C a , t ) = 10-3 (3.32) 
B D, " v ^ AR 
p 
where t^ is the total annealing time. This length reflects the 
position at which the boron concentration drops to 1/1000 times of 
the maximum value from the initial profile. This way of 
characterizing the extent of diffusion can avoid the complicated 
effects near the peak of the implantation profile. The diffusion 
characteristic lengths i for different conditions are shown in 
Table 3.1. 
I " 、| 兮 k RTA T S’ — 
D (私m) r i ^ exp exp 
high 0.290 0.29 0.311 0.31 0.134 0.13 
dose 
low 0.237 0.24 0.224 0.22 0.134 0.13 
dose — — — » 
Table 3.1 
Diffusion characteristic lengths for 
different annealing conditions 
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Again, the agreement between the simulated results and the 
experimental profiles can be reflected by the diffusion 
characteristic lengths from this table. Free parameters have been 
introduced in this simulation work. These parameters included H™^, 
hF h", D 。 ， C ° , K。，E , r。， E ,, C , C , R , R , A R 
I' I BI I I 1 av rel pa max p D P 
AR • Some of these parameters have been defined previously, but 
D • 
some have to be clarified below. 
The diffusion coefficient of the self-interstitials D^, 
H" 
D = D° exp ( - — ) (3.33) 
I I kT 
with D° and H™ the pre-exponential factor and migration energy of 
for the diffusion coefficient. The thermal equilibrium 
concentration C^ of self-interstitials (in a certain dominant 
charged state), which is a function of temperature T , can be 
expressed as 
HF 
c V ) = c° exp ( - 丄 ） (3.34) 
I I kT 
where H^ is its formation energy. The temperature dependence of 
the equilibrium reaction rate constant of Equation (3.3) is 
K = K° exp ( ^ ) (3.35) 
1 1 kT 
This equation reflects that the lower the temperature is, the 
more the self-interstitial can be coupled with the substitutional 
boron to form B^. Finally, the relaxation time r of 
self-interstitials toward equilibrium which appears in Equation 
(3.5) is given by 
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r = r exp ( ^ ) (3.36) 
° kT 
The numerical values for these parameters are: 
2.31eV 2 _i 
D = 0.052 exp( - ) cm s (3.37) 
BI k T 
2 . lOeV 2 
D = 0.065 exp( - ) cm s (3.38) 
I kT 
1.3eV 
CE == 1.42 X 10)21 exp( ) cm"' (3.39) 
I kT 
0.125eV 
T = 26.12 exp( ) seconds (3.40) 
kT 
0.43eV 
K = 4.94 X 10-21 exp( ) cm^ (3.41) 
1 kT 
and the values for the ranges and stragglings for borons and 
[49] 
self-interstitials are quoted from Ryssel and Ruge ： 
o o 




R = 304 A AR = 142.5 A (3.43) 
D D 
Values in Equations (3.37) to (3.41) carry their meanings 
defined by Equations (3.33) to (3.36), and Equation (2.8). The 
concentration of excess self-interstitials C generated by the 
pa 
pre - amorphization, due to the uncertainty of the in-situ 




fitting parameters. It is found that its value cannot exceed the 
value given by Equation (3.44). 
C S 1 X 10 16 cm'' (3.44) 
pa 
Otherwise, the dose dependent feature of the damage enhanced 
diffusion is difficult to be modeled numerically, unless a very 
unreasonable set of parameters was chosen, One might be surprised 
on such a small value obtained, since silicon ion during 
pre-amorphization is believed to generate more serious damages 
than due to boron ion implantation. However, there are strong 
experimental supports suggesting that the enhanced boron diffusion 
[58] 
is essentially independent of the pre-amorphization . This 
issue will be elaborated later. 
For comparison purpose, the following two diffusion 
equations which give different dependence of boron diffusion 
coefficient on the concentration of C^ have also been simulated 
with the same set of numerical parameters described by Equations 
(3.37) through (3.44). 
ac a r ac ‘ 
- J D K G — ^ (3.45) 




= D K C ^ (3.46) 
a t BI 1 I 3x2 
It reveals that diffusion depths among various dosage and 
annealing conditions calculated from Equation (3.46) are smaller 
that those calculated from Equation (3.45)； and the depths 
calculated from (3.45) are less than those from (3.10). The 
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discrepancies among the different methods are only within 10% 
error. It is obvious that the concentration gradient of 
self-interstitials does contribute to the dopant diffusion, but in 
a much lesser extent than the contribution from the concentration 
gradient of the boron atoms. As a result, it is difficult, if not 
impossible, to test the validity of the models described by 
Equation (3.10), (3.45) and (3.46) just by simulating the 
originally non-uniform dopant profiles, since the effect from the 
non-uniformity of the self-interstitial profiles is too small. A 
set of experiments have been designed and performed to investigate 
the validity of these equations, this will be discussed at length 
in the next chapter. 
In order to provide a picture of the transient nature of the 
DED behavior qualitatively, the time dependence of the damage 
enhanced diffusion coefficient is investigated. Due to the 
spatially non-uniform and time-varying nature of the enhanced 
diffusion coefficient, the average diffusion coefficient for 
boron is defined by averaging over a depth Ax such that 
1 r Ax 
<D (t)> = — — D (x,t) dx (3.47) 
B . B 
Ax J。 
where Ax is the depth within which the diffusion took place 
appreciably. The value has been chosen to be Ax = 0.3 /zm, about 
ten times the projected range of the as-implanted boron profile. 
Detailed transient behaviors for the average diffusion 
coefficients (which are normalized to the thermal equilibrium 
values in the temperature of interest) for rapid thermal annealing 
(RTP), furnace annealing (FA), and two step annealing (TSA) are 
shown in Fig.3.3, Fig.3.4, Fig.3.5, and Fig.3.6, respectively. 




Transient Effect of Diffusion Coefficient 
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Fig.3.3 Transient behavior of the average diffusion 
coefficient (normalized to the equilibrium value at 
900°C) during furnace annealing both for the low dose 
(dotted line) and the high dose (solid line) 
implantations. (They restored their thermal 
equilibrium values after about 500 seconds). 
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Rapid Thermal Annealing 
Transient Effect of Diffusion Coefficient 
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Fig.3.4 Transient behavior of the average diffusion 
I coefficient (normalized to the equilibrium value at 
1100°C) during rapid thermal annealing both for the 
low dose (dotted line) and the high dose (solid line) 
cases. (The ratio of diffusion coefficients for high 
dose to low dose case is seen to remain about a factor 
of 3 throughout the annealing)• 
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Two Step Annealing 
Transient Effect of Diffusion Coefficient 
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Fig.3.5 Transient behavior of the average diffusion 
coefficient (normalized to the equilibrium value at 
550°C) in two step annealing both for low dose (dotted 
line) and high dose (solid line) implantations. (They 




Two Step Annealing 
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Fig.3.6 Transient behavior of the average diffusion 
coefficient during the high temperature period of the 
two step annealing The diffusion coefficients both 
for the high dose and the low dose cases are 
normalized to the thermal equilibrium value at 1100 C. 
Notice that 15 seconds is not enough for them to 
attain the thermal equilibrium value at 1100 C. 
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coefficients were initially enhanced by more than 60 times the 
thermal equilibrium value at 900°C for the high dose case, and by 
more than 25 time for low dose case. However, these enhanced 
diffusion coefficients dropped to their thermal equilibrium values 
after about 500 seconds of furnace annealing at 900°C. This is 
less than one third of the total annealing time. Moreover, the 
dose dependent diffusion effect has been lost, as it is manifested 
by the convergence of the diffusion coefficients for high dose and 
low dose cases after 500 seconds. In another word, when under the 
furnace annealing condition, the diffusion took place in most of 
the annealing time under thermal equilibrium condition, regardless 
of the implantation dosage. On the contrary, in Fig. 3.4, the 
diffusion coefficients both for the high dose and the low dose 
cases remained enhanced throughout 15 seconds of the rapid thermal 
annealing period (15 seconds), and the ratio of the diffusion 
coefficients of the high dose to the low dose case remained 
approximately a factor of 3. The enhanced diffusion coefficient 
for high dose case has dropped from a factor of greater than 80 to 
a factor of about 10 times of the thermal equilibrium values. In 
the low dose case, it has fallen from a factor of 30 to a factor 
of 3. This reflects a strong dose-dependence of the transient 
enhanced diffusion. In the two step annealing condition shown in 
Fig.3.5 and Fig.3.6, the coefficients for of these two dosages 
converge into one value after annealing at 550°C for 2500 seconds 
(about 42 minutes)’ which is also about one third of the annealing 
time at 55G°C. Even through the factor of enhancement seems to be 
quite large, the absolute values for these diffusion coefficients 
were actually too small to exhibit any pronounced diffusion 
effect. In the subsequent high temperature annealing at 1100°C for 
15 seconds, as shown in Fig.3.6, the diffusion coefficients for 
both dosages were the same. They are thermally activated toward 
the thermal equilibrium value at 1100°C. However, 15 seconds is 
not enough for the point defects concentration to attain their 
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thermal equilibrium value. It can be seen that the maximum 
normalized diffusion coefficient is still less unity. This 
explains the negligible boron diffusion under two step annealing. 
In conclusion, both the transient enhanced diffusion and dose 
dependent effects are pronounced in RTF, and the diffusion 
coefficients remain exceeding the thermal equilibrium values 
throughout the annealing process. The ratio of the enhanced 
diffusion coefficients for the high dose to the low case remains a 
factor of about 3. On the other hand , in both the cases FA and 
TSA, during the majority of the annealing time the diffusion is 
under thermal equilibrium condition, and dose dependent effect has 
been diminished after one third of the annealing time. 
It is also worth comparing the parameters derived from the 
best fit in this work with values suggested from other sources. 
Firstly, it is interested to note that when the concentration of 
self-interstitials has reached its thermal equilibrium value, 
Equation (3.10) can then be reduced to 
ac d r 5C ‘ 
— 1 D ^ — (3.48) 
« n BI o 
a t 5x dx 
m • 
where D^^ is the equilibrium boron diffusion coefficient, given 
by 
DE = D K CJE 
BI BI 1 I 
3.20eV 
= 0 . 3 6 4 exp( ) (3.49) 
kT 
This expression is in closed agreement with the intrinsic 
[3為] 




D^ = 0.76 exp( ) (3.50) 
® k T 
It also agrees quite well with the expression suggested by 
Ryssel and Ruge^^®^ • The values of the diffusion coefficients 
evaluated by these expression (Equations (3.49)-(3.50)) are 
essentially the same in the temperature range of interest in our 
work. 
The migration energy of the interstitial-boron species is H^^ 
= 2 . 3 1 eV. This value is adopted from Mathiot and Pfister' s 
modeling work[5。】• The reported values both of the migration 
p 
energy H" and the formation energy H^ of self-interstitials 
scatter over a wide range in the literature. The migration energy 
of self-interstitials fitted in this work is H; = 2 . 1 0 eV, whereas 
a value of 4.4eV was reported from Taniguchi et al[5i] , a value 
of 0.13 eV from Bronner et al【52】. Some of these authors[苎丄]'【52】 
have suggested a relation of D^ and C^, given by 
4 . 4eV 
D C^ = 1023 exp( ) (3.51) 
I I kT 
and have evaluated either the value of H; or H; from the other 
according to this expression. It implies that a scattering in the 
F 
values of rf" leads to a scattering of values in H^. The formation 
I [53] 
energy adopted in this work is 1.30 eV, while Stolwijk et al 
suggested a value of 1.60 eV; Taniguchi et al[5i] proposed a value 
[52] 
of 0.7 eV. On the other extreme, Bronner et al have obtained a 
value of 4.71 eV; while Morehead[5"*】 has determined the value to 
be 3.8 eV. In a conclusion, it is difficult to adopt unequivocal 
values for h" and H; both from experiments and simulation works so 
far. The inconsistency in these values might partly be due to the 
difficulties in experimental determination of these parameters, 
and partly due to the different experimental techniques employed. 
59 
Chapter Three 
Due to the lack of information about the heating effect 
generated by the ion beam of the implanting boron atoms as well as 
by the Si+ pre-amorphization, and also because of the possibility 
of in situ annealing effect, the magnitude of the residual damage 
in the as-implanted wafers and hence the initial self-interstitial 
concentration were quite uncertain. However, they can only be 
estimated from the best fit. We have chosen the peak value for the 
initial self-interstitial profile (in Equation (3.13)) by C ^ ^ to 
be about 7 x cm"^ for low dose case, and a value of about 2 
X 10i8 cm-3 for the high dose case. Had the value for the low dose 
case been chosen less than 7 x cm ^ (and less than 2 x 10^® 
cm-3 for the high dose case likewise), the dose dependence of the 
enhanced diffusion would be too small. Moreover, the difference in 
the diffusion characteristic lengths defined in Equation (3.32) 
for RTP condition would be more or less similar to those in FA 
condition within a reasonable range of parameters. This would 
contradict the experimental finding which shows that the dose 
dependent diffusion effect was much more pronounced in RTP than 
in FA condition. On the other hand, had the value of C^^* been 
17 -3 
estimated too large (larger than 7 x 10 cm in the low dose 
case), the dose dependent effect would be reserved. However, the 
differences in i for RTP and FA would be again similar. 
D 2 
Consequently, the value 7 x 10 cm seems to be an optimal 
choice. Notice that, the value chosen is less than the value 
derived from Brice's metho<i【 8々】 which would be at the order of 
1020 cm"^.It is also far less than the value estimated from 
Kinchin and Pease relation^^^^, which would yields an even higher 
value of the order of l o " cm'^. The small value of C 了 
adopted in this model calculation might be attributed to the 




The annealing temperature at rapid thermal annealing has been 
chosen to be 1100°C, instead of 1000°C reported in Powell's work. 
It the temperature 1000°C was chosen, it is difficult to reproduce 
the feature of the experimental profiles unless unreasonably high 
values of fitted numerical parameters, especially the activation 
energies, were chosen. 
Several remarks are discussed in the following: 
(1) Early workers have considered only the local relaxation of 
excess point defects to explain the transient behavior of the 
damage enhanced d i f f u s i o n 【 々 6 ] [、” Qne of them was the group of 
Fair et who have proposed a time dependent diffusion 
coefficient for boron atoms as 
D (t) = D + D exp (-t/r) (3.52) 
B 1 2 
where the last term on the right side dominates at t = 0, and 
decays to zero for large t. However, because of the finite 
diffusion effect of the point defects, which might be comparable 
to the magnitude of the impurity diffusion, as in the case in 
Powell's experiment, the spatially non-uniformity in the 
diffusion coefficient for D must be taken into consideration. 
B 
Consequently, the anomalous behavior in this experiment can be 
explained by the competition between the elimination of the point 
defects by, local relaxation as well as by diffusion, and their 
ability in coupling with the impurity atoms so as to create 
migration of the latter. Had only local relaxation of the point 
defects been considered, due to their initially shallow 
distribution, it can be shown that the diffusion of the boron 
atoms was limited within a very shallow region just beneath the 
surface. Had only the diffusion of the point defects been 
considered, there would have been no significant difference in the 
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final profiles resulted from RTP and TSA, since there is minimal 
diffusion for both the excessive point defects and the boron 
atoms at temperature as low as 550°C 
(2) There are obvious spikes appeared in the experimental 
profiles (Fig.3.1 and Fig.3.2) resulted from FA both for high dose 
and low dose cases. These spikes have not been reproduced in the 
corresponding simulated profiles. The spikes are located 
approximately at the projected range of the as-implanted profiles. 
Its presence is believed to be the result of damage clustering and 
extended defects which involve the agglomeration of several point 
defects and impurity atoms. Its effect on the boron diffusion is 
to prohibit the migration of boron atoms by trapping 
self-interstitials or borons. Sedgwick et al and Michel et 
al【57】 have proposed their association in the presence of high 
concentration of point defects. These damage clusters, and/or 
extended defects are comparatively immobile because of larger 
masses and sizes. At 900°C, they are not likely to dissolve. 
However, at T>1100°C, they dissociate into separate point defects 
and impurity atoms which are comparatively mobile. This explains 
the presence of the spike in FA case and the absence in RTP. The 
retarding effect of the clusters also explains the comparatively 
smaller extent of diffusion in FA as observed in the experimental 
profiles than in simulated ones, because this clustering effect 
has not been considered in this modeling work. 
(3) The anomalous diffusion behaviors observed in Powell's 
experiment can be explained by the point-defect assisted enhanced 
diffusion model. The dominant excess defect species is 
self-interstitials which assist the boron diffusion through 
generating the mobile B^ species. These excess defects tend to 
restore their thermal equilibrium values by local relaxation.In 
RTP, as seen from Fig.3.4, the local relaxation of 
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annealing time, local relaxation of the extent defects has 
completed far before appreciable boron diffusion can take place. 
TSA exhibits a similar behavior as FA. In both FA and TSA, boron 
diffusion takes place essentially under thermal equilibrium 
condition. Little diffusion can be observed in TSA, because of the 
negligibly small value of the equilibrium diffusivity at 550°C. 
(4) As has been mentioned, in deriving Equation (3.9), the 
inequality K^C^ < 1 was assumed. We have estimated the average 
magnitudes of K^C^ and their initial values under various 
conditions. The averaging is over the whole annealing time, and 
also over the depth Ax which is defined as before (Equation 
(3.47)) , the average values <K C > for each of the annealing 
conditions as well as their initial values K C (0) are thus listed 
in Table 3.2. 
RTF FA TSA 
<K,C > HD 0.09 0.0048 0.0032 
1 I 0.03 0.0023 0.0013 
KiCt(0) HD 0.789 1.053 2.452 
1 I LD 0.283 0.351 0.817 
Table 3.2 
Note that the factor K^C^ determines the fraction of 
interstitial-boron through Equation (3.7). It is obvious that,on 
the average this fraction is small though is can be quite large 
initially. 
(5) The effect of the boron implantation and /or silicon ions 
pre-amorphization on the damage generation and boron diffusion 
have been investigated. We have used different values of C^^ in 
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pre-amorphization on the damage generation and boron diffusion 
have been investigated. We have used different values of C^^ in 
Equation (3.13). It turns out that the value of C^^ should not be 
greater than 1 x cm'^, otherwise, the dose dependent effect 
observed in RTP would be diminished unless very unreasonable 
r C Q 1 
parameters were chosen. Solrai et al found that the silicon 
pre-amorphization has essentially no effect on the subsequent 
enhanced diffusion of boron atoms. This is consistent with the 
finding of simulated work. According to Brice's method ， the 
damage generated by 50 keV 2 x cm fluence of silicon has 
a peak value of about 3 x 10^° cm"^. From the conclusion of Solmi 
et al, the actual defect concentration generated should be much 
smaller. The reason for this may again be due to the in-situ 
annealing effect. 
Marou et have performed similar experiment and have 
observed the transient enhanced diffusion during 1000。C annealing. 
They suggested that the enhanced diffusion of borons was not a 
result of so-called collisional damage due to implantation; 
instead, they attributed this result to the injection of 
self-interstitials during the boron activation through the kickout 
mechanism. One of the evidence they used was based on the spatial 
dependence of the boron diffusion coefficient profile which has a 
peak coincident with the projected range of the as-implanted boron 
profile but not with the calculated damage profile. They also 
observed the enhanced boron diffusion is closely related to the 
electrical activation of boron atoms. We agree that the effect of 
boron activation (interstitial-borons restoring to the 
substitutional sites) plays an important major role on the 
enhanced diffusion. We have shown in Table 3.2 the initial high 
value of K^C^, which shows quite a large portion of boron atoms 
at interstitial sites initially. Then this factor decreases during 
•2 
annealing and the average values are of the order of 10 from 
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Table 3.2. The decrease of the factor K^C^ is clearly related to 
the electrical activation of boron atoms. The restoration of an 
interstitial boron (B^) into a substitutional boron atom in a 
lattice site (B ) (mainly via Equation (3.3)) leads to the 
s 
electrical activation. This restoration reduces the value of K^C^. 
In short, Marou et a严 ] s u g g e s t e d that the boron profile related 
point-defects should be more important than implantation generated 
point defects. Though well do not intend to discuss the detailed 
interpretation of this experiment, this experiment does provide 
another support for the conclusion that the effect of silicon ions 
pre-amorphization is un-important in the DED. 
(6) We have assumed only one dominant charged state for 
self-interstitials that assist the enhanced diffusion. We have not 
gone into the detailed about this charged state. From experimental 
study of self-interstitials. Frank【6°] ^^^ proposed that there is 
an accepter level for self- interstitial at E^ - 0.32 below the 
conduction band, and a donor level E^ + 0.4 eV above the valence 
band. For the strong p-type doping condition in our present case, 
the dominant charged state seems to be the donor type 
self-interstitials (1+) • 
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C H A P T E R FOUR 
EXPERIMENTAL INVESTIGATION ON BORON DIFFUSION ASSISTED 
BY THE NON UNIFORMITY OF POINT DEFECTS 
§ 4.1 Introduction 
In the previous chapter, w i t h the assumption stated therein, 
and under the condition 1, it has been shown that the 
transport equation for boron atoms can be reduced to Equation 
(3 10). This equation explicitly shows that under certain 
conditions the diffusion of boron atoms can arise from the 
concentration gradient of self-interstitials, even in the absence 
of the concentration gradient of boron atoms.To elaborate this 
point, the right hand side of Equation (3.10) can be expanded into 
d^C fdC X fdC、 d^C 
D K C J + D 丄 — — + D K c (4.1) 
BI 1 I 3x2 BI J L A ^ J BI 1 B 
It is interested to note that.the diffusion of boron atoms is 
in fact contributed b y three terms, (i) the second derivative in 
space of C , (ii) the first order derivative of C^ times the first 
order derivative of C^, (iii) the second derivative of C^. Boron 
diffusion could still occur even in the absence of their 
non-uniformity, (i.e. dC/dx = 0); as can be seen from the 
contribution from the third term in Equation (4.1). O n the 
contrary, according to the dual stream model, the right hand side 
of Equation (3.11), which is the component of interstitial 
assisted mechanism, is expanded into 
c d^ c 1 r^c N fdc 
D + D ^ — (4.2) 




Except for the different proportional parameters, Equation 
(4.2) is similar to Equation (4.1) for the first two terms. The 
implication of this equation is that no diffusion could occur at 
all in the absence of the boron concentration gradient (i.e. 
ac /ax = 0) • From the experiment of boron implantation described 
in last chapter and in many other sources, due to the 
comparatively rapid establishment of uniformity for 
self-interstitials, the overall gradient for C^ is usually smaller 
than that for C . These two models (described b y Equation (4.1) 
B 
and (4.2)) do not yield any pronounced difference in the final 
results. This remark can be substantiated by the results and 
discussion in last chapter; as the difference between the 
calculated diffusion characteristic lengths is about a few 
percents over all annealing conditions, using the same set of 
parameters. Therefore, it is not practical, if not impossible, to 
distinguish which of these two models is valid using the diffusion 
results where the original boron profiles were non-uniform. 
Instead, when the concentration gradient of boron atoms 
disappears, the validity of one of the two models can be checked 
immediately b y using the argument in comparing equation (4.1) and 
(4.2) . This is the motivation of the following experimental 
investigation. 
§ 4.2 Experimental 
Boron doped Fairchild p-type <111> crystalline silicon wafers 
with a resistivity 0.013-0.02 fi-cm, which corresponds to a boron 
doping level of about 5 x have been used as the starting 
materials in this experiment. Each of the wafers were sliced into 
six equal sections. Each section was then subjected to argon 
implantation at room temperature by Varian Extrion 200-1000 
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Implanter. During the implantation, the shaded region of each 
section (as shown in Fig.4.1) was masked by a metal mask so that 
this region un-implanted. Two implantation dosages were chosen as 
follow: 
High dose: 1 x cm ^ 
Low dose: 2 x cm ^ 
The difference between these two dosages is that in high dose 
implantation the as-implanted wafers have already been 
[49] 
amorphized, as the dosage is beyond the critical dosage (4 x 
cm-2) necessary for amorphization; while in low dose case, as 
it is below this critical dosage, the wafers were still 
crystalline even though there were damage and disorders. The 
incident energy of the implanted argon ions is 150 k e V . It 
corresponds to a range of R^ = 1500 A and a straggling of AR^ = 
655 A for the argon impurity distribution in silicon after 
implantation. The reason of employing argon ions is because of 
their being chemically and electrically inactive, so that their 
associated charged effect and chemical reaction do not exist. 
Each of the sections were then subjected to different annealing 
conditions. with both masked (un-implanted) and unmasked 
(implanted) region together. They were given codes to represent 
the implantation dosage, annealing conditions, as well as masked 
or unmasked region. The sample codes are interpreted and listed in 
Table 4.1 to Table 4.3. 
The boron distribution for each of the samples were then 
determined by secondary ions mass spectroscopy (SIMS). The model 
of the SIMS analyzer was RIBER MIQ156 Ion Microprobe. The ion 
beam was used for profiling; the incident beam energy was 8 k e V , 
and beam current was 1 juA- Vacuum was at 8 x 10 Torr. The 
corresponding sputtering rate was 230A. per minute. 
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Sectioning and masking of Silicon Wafer 
w 
Masking Region 
diameter- two and a half inches 
Fig.4.1 Topography of masking and sectioning the wafer 
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High Dose Implantation 
Ar ~ > Si: 150 keV, 1 x cm"^ 
900°C annealing 
sample code annealing temperature annealing time 
H905 900°C . 5 minutes 
H910 900°C 10 minutes 
H915 900°C 15 minutes 
H9TS 550°C 2 hours 
900°C 15 minutes 
The un-implanted region of the sample subjected to the same 
annealing condition of one of the above has the identical code, except 
it is ended with a symbol "X", (e.g. H905X represent high dose argon 




High Dose Implantation 
Ar > Si: 150 keV, 1 x cm'^ 
1000°C annealing 
sample code annealing temperature annealing time 
H105 1000°C 5 minutes 
Hll 1000°C 10 minutes 
H115 1000°C 15 minutes 
HITS 550°C 2 hours 
lOOO^C 15 minutes 
The un-implanted region of the sample subjected to the same 
annealing condition of one of the above has the identical code, except 
it is ended with a symbol "X", (e.g. HllX represent high dose argon 




High Dose Implantation 
Ar > Si: 150 keV, 2 x cm'^ 
1000°C annealing 
sample code annealing temperature annealing time 
L105 1000°C 5 minutes 
Lll 1000°C 10 minutes 
L115 1000°C 15 minutes 
LIOTS 550°C 2 hours 
1000°C 15 minutes 
The un-implanted region of the sample subjected to the same 
annealing condition of one of the above has the identical code, except 
it is ended with a symbol "X"’ (e.g. L115X represent low dose argon 
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Fig.4.14. Profiles annealed at 900°C for 5 minutes, 10 
minutes, 15 minutes and two step annealing, after 
Ixl0i5 cm-2 150 keV argon implantation. 
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Fig.4.15. Profiles annealed at 1000°C for 5 minutes, 10 
minutes, 15 minutes and two step annealing, after 
Ixl0i5 cm-2 150 keV argon implantation. 
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Fig.4.16. Profiles annealed at 1000°C for 5 minutes, 10 
minutes, 15 minutes and two step annealing, after 
2x10^^ cm'^ 150 keV argon implantation. 
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§ 4.3 Results and Discussion 
Experimental Results 
The resulting SIMS profiles (normalized boron counts versus 
depth) for each of the samples (implanted and un-implanted) are 
plotted in Fig.4.2 to Fig.4.13, respectively. 
For the purpose of comparison, the isothermal annealing 
profiles for high dose implantation and annealing at 900°C, high 
dose implantation implantation and annealing at 1000°C, as w e l l as 
low dose implantation and annealing at 1000°C are replotted in 
groups in Fig.4.14 to Fig.4.16, respectively. 
From the SIMS profiles, is is clearly seen that there is 
significant boron redistribution for high dose Argon implanted 
samples (Fig 4.2-Fig.4.9, Fig.4.14 and Fig.4.15). Each of these 
profiles can be characterized b y the peak and valley feature. The 
typical peak position was around the depth of 0.05 to 0.10 jim 
beneath the surface; and typical depth position for the valley 
was around 0.25 to 0.3 /xm. The valley feature is more pronounced 
for the 900°C annealing condition, as shown in Fig. 4.14. The 
longer the annealing time at 900°C, the more this valley has been 
smoothed out. Moreover, the longer the annealing time, the deeper 
the peak drifts to the bulk of the sample. The non-uniformity in 
boron profile seems to have reached a maximum for about ten 
minutes annealing. Before this time, boron non-uniformity 
continues to build u p . After this time, this non-uniformity is 
going to be smoothed out by the dominant driving force from the 
concentration gradient of borons. 
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At 1000°C annealing, as shown in Fig.4.15, this valley feature 
is smaller, but still observable. The drifting of the peak 
position with time is also seen to be much less significant than 
in the 900°C case. It seems reveals that the non-uniformity in 
boron profile has already passed its maximum within the first five 
minutes. It is also clear that the difference between the SIMS 
profiles of samples H105, Hll, H115 is minimal, in contrast to the 
case of 900°C annealed samples. This is probably due to the 
effectiveness of the elimination of excess point defects at 
1000°C. The peak and valley of the boron profile were built up 
within the first few minutes of annealing at 1000°C, due to the 
initial non-uniformity of excess self-interstitials. If the 
concentration of these self-interstitials then gradually reduced, 
there will be no more enhanced diffusion of boron, and hence the 
boron redistribution process slows down resulting in a seemingly 
'frozen' profile. 
The two step annealing was introduced with the intention to 
see whether the defects generated during argon implantation can be 
eliminated in the two hours of 550°C annealing and hence leads to 
a reduction in the boron redistribution during the subsequent high 
temperature annealing. However, there is essentially no difference 
observed between the SIMS profiles of the samples H9TS and H915 in 
Fig.4.14, and between those of samples HITS and H15. It seems that 
the two hours, 550°C annealing step is not effective in eliminating 
the implantation damage. 
From the SIMS profiles of the low dose implanted samples, or 
in the un-implanted samples (sample code ended with "X"), on the 
contrary, no such peak and valley, and significant boron atom 
redistribution were observed under these annealing conditions. The 
boron redistribution might be therefore attributed to the 
self-interstitials generated by argon implantation, or after the 
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recrystallization of the amorphous layer; their concentration 
gradient dominates the initial diffusion of borons. The reason 
for the second source of self - interstitials is that there is no 
pronounced boron redistribution in low dose case under similar 
annealing condition. 
One may argue that other reasons might be responsible for this 
boron distribution For example, recoil recoil implantation of 
boron atoms by argon ions might have distributed the boron atoms 
during argon implantation by the collisional process. However, the 
18 " 3 
boron doping level of the virgin wafer was 5 x 10 cm , about 
one part per 10 thousands of the host atoms. The portion of boron 
atoms displaced by argon ions is expected to be very small and 
therefore cannot produce such pronounced boron redistribution as 
observed. 
Secondly, since the wafers have been amorphized after the high 
dose argon implantation, boron atoms might preferentially reside 
in the amorphous region than in the crystalline region. This 
effect is similar to the impurity gettering effect, where the 
wafer was intentionally amorphized by ion beam【6i] to getter 
impurities such as Au, Cu, and Ni atoms. However, 
[62 3 
recrystallization could occurs within a few parts of a second 
for a 1 /im thick amorphous layer for annealing temperatures above 
900°C. The wafer should have been crystallized throughout most of 
the annealing cycle. There are no numerical values of the solid 
solubilities of boron in amorphous silicon. No estimation on the 
segregation effect at the amorphous/crystalline interface can be 
made at this stage. However, most gettering techniques are 
applied to metallic impurities； gettering of boron atoms in 
amorphous layer has not been reported. Based on these two reasons, 
the possibility that boron atoms initially and preferentially 
reside on amorphous region is not substantiated. The remaining 
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possible cause is the diffusion effect generated by the 
non-uniformity of self-interstitials• Moreover, the implanting 
dosage effect is very obvious, this might reflect the fact that 
the self-interstitials generated during or after the 
recrystallization of the amorphous layer produced by the high dose 
implantation is more important than the as-implanted damage. 
In each of these SIMS profiles, both low dose and high dose 
cases, implanted or un-implanted, 900°C or 1000°C annealing, there 
is a shallow surface here the boron atoms are depleted. This is be 
attributed to the surface segregation effect, i.e., the solid 
solubility of boron in SiO is higher than that in silicon, boron 
atoms just beneath the surface move preferentially toward this 
native oxide layer when they are thermally activated. This thin 
native oxide layer always exists when wafers are exposed in 
atmosphere for prolong period of time. This explains the 
depletion of boron atoms just beneath the surface. 
Because of all the complications, such as the amorphization by 
argon implantation, and the surface effect, exact reproducing 
these experimental profiles by numerical simulation might be 
difficult. However, it will be shown in the remaining of this 
chapter that by using the simple model developed in the previous 
chapter, the general feature of these profiles can be explained 
and reproduced. 
Simulation Work 
We have numerically simulated the post annealed profiles after 
high dose implantation as a sequence of annealing times. The basic 
equations are still the coupled equations (3.10) and (3.5). with 
the assumption that the interstitial-borons have attained local 
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chemical equilibrium with self-interstitials through the reaction 
described by Equation (2.26). • The initial boron distribution is 
uniform such that 
C ( X , 0) = C (4.4) 
B o 
where C is the initial doping level of boron in the silicon 
o 
wafer. However, the major difficulty is that we have no sufficient 
information about the initial condition of the self-interstitials. 
In case of high dose implantation, we have assumed that the 
initial distribution for self-interstitials is characterized by a 
double Gaussian, such as 
(x-R f (x-R 
C (x,0) = exp ( ^ ) + C『x exp ( _ — ^ ) 
I 1 2AR2 2 2AR二 
D1 D2 
(4.5) 
The second term in the right hand side of Equation (4.5) is 
supposed to be due to the initial damage (excess 
self-interstitials) generated by the energetic argon ions 
immediately after the implantation through the collisional 
processes. 0.15/im) and 0.0655/im) are the projected 
range and straggling of the implanted damage which are similar to 
the values of the projected range and straggling, respectively, of 
the as-implanted argon ion profile. The first term is introduced 
to account for the point defects (especially self-interstitial) 
generated during or right after the recrystallization of the 
amorphous layer, in which the extended defects have been 
dissociated into separate point defects. There is no experimental 
evidence of how this exact profile should look like. Since the 
time required for the recrystallization is only a few part of a 
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second【62】，仁^^ resulting excess defect distribution (first term 
in the right hand side of Equation (4.5)) can be regarded as an 
initial condition as far as the time scale of minutes is 
concerned. 
As we only aim at obtaining a qualitative understanding of 
this boron redistribution phenomenon and not aim at a quantitative 
fitting of the profiles, we arbitrarily choose R^ ^^  and AR^^ to lie 
somewhere within the amorphous layer and AR^^ to some reasonable 
value. It can also be demonstrated that C*"®* and C 厂 are treated 
1 I 
as fitting parameters. It turns out from the numerical work that 
to reproduce the features of the experimental profiles, C^^* must 
be larger than C臓 at least one order of magnitude. This means 
that the dominating factor for- the final shape of the boron 
profile is by the initial self- interstitial generated during or 
after the recrystallization of the amorphous layer. We have 
adopted the values for R and AR ^ as 0.05/im and 0.025/xm 
^ D1 D1 
respectively. The first term disappears in low dose implantation 
because there is no recrystallization from amorphous phase. This 
explains why there is no apparent redistribution of boron atoms at 
all for low dose implantation case; except the depletion of boron 
atoms near the surface because of the surface segregation effect. 
In un-implanted condition, both terms disappear. Consequently, 
neither boron redistribution occurred in the un-implanted samples. 
The simulated profiles for various annealing times at 1000°C 
in high dose implantation are plotted in Fig 4.17 (a), (c) , (d) ’ 
(e), (f), and (g),respectively for the time scales of 0.6r, 1.2r, 
2.4r, 3.6r, 4.8r and 6.Or annealing times, respectively; where r 
is the relaxation time of self-interstitials at 1000°C defined at 
Equation (3.5). In Fig.4.17(b), the initial profile of 
self-interstitials is also shown. We have also adopted the same 
set of numerical parameters as in Chapter Three except the value 
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for r, whose value remains as a free parameter. The condition of 
the argon implanted silicon might be different from the boron 
implanted silicon. Even so, the general feature of the boron 
redistribution reported in this experimental work can be 
successfully reproduced by the same set of coupled transport 
equations and nearly the same set of parameters. 
From Fig.4.17, the peak and valley feature was reproduced. It 
also reveals that at 0.6r annealing time (Fig.4.17(a)) , the 
non-uniformity of boron distribution has reached a maximum. After 
this time, it begins to shrink. However, for longer annealing 
time, the shrinking seems to have been ''frozen", because there is 
no more excess self-interstitials working as vehicles for the 
diffusion of boron, even though the non-uniformity of boron atoms 
exists. The depth of the valley also decreases with time (in fact, 
it decreases with the product of diffusion coefficient and 
annealing time), as it was observed experimentally. There is also 
a trend showing the shifting of the peak position of the boron 
profile toward the bulk of the wafer. It is also seen that the 
resulting boron profile at the early stage depends mainly on the 
second spatial derivative of the concentration of 
self-interstitials (a^C^/ax^) from its initial profile, as 
manifested by the last term of Equation (4.1). The last term of 
Equation (4.1) initiates a non-uniformity in boron profile (which 
was initially uniform). When annealing process goes on, the 
diffusion of boron is then complicated by the contribution of 
three terms (in Equation (4.1)). However, if the annealing time is 
short enough, or if the excess self-interstitials are reduced 
appreciably in a very short period of time, it can be demonstrated 
that the resulting boron profile is approximately a replica of the 
second derivative in C^. The simulation work of diffusion behavior 
under 1000°C annealing can also be used to explain the temporal 
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behavior of the diffusion at 900°C annealing, if the time scale 
was changed, because of the expected smaller diffusion coefficient 
at 900°C 
The exact reproduction of the experimental profiles requires 
the detailed knowledge about the recrystallization of the 
amorphous layer, and how the point defects are released in this 
process. Experimental characterization on this aspect is still 
lacking. Vacancy mechanism component might play a part in the 
diffusion. Combining these complication together, exact 
reproduction of the experimental profiles, in terms of their 
temporal behavior and temperature dependence, is difficult, if not 
impossible. However, the qualitative features of the experimental 
profiles have been reproduced with their temporal behavior. It 
should be pointed out that the success of this model rests on the 
fact that only the coupling of two transport equations have been 
included. The dominant mechanism is proposed to be the same as 
that of the implanted borons discussed in the last chapter. The 
parameters adopted are essentially the same. The only change here 
is the initial profiles for boron atoms and for 
self-interstitials. 
Loualiche et al【63】 have also observed similar boron 
redistribution in a uniformly doped wafer after the implantation 
of 500 keV H+ ions at 750°C. The profiles obtained in their 2 
experiment can also be understood using our model. A schematic 
simulated boron profile is presented in Fig.4.18. The nearly 
symmetric peaks at the two sides of a deep valley are the major 
features. We have not tried to fit the exact peak positions and 
the peak to valley contrast, but would only like to point out that 
these features clearly result from the initial Gaussian profile of 
self-interstitials deep in wafer, due to the high penetration 
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SIMULATED PROFILE OF BORON REDISTRIBUTION 
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Fig.4.18. Boron redistribution (solid curve) from the 
originally uniform profile is resulted from the 




power of hydrogen ions. Again, the profile shape is approximately 
the replication of the second derivative of C^(x,o) in space. 
Reproducing the detailed values for the peak and valley positions 
requires exact numerical fitting of parameters, which might again 
be a tedious work. 
In conclusion, three remarks are presented in the following: 
1. The diffusion model developed in the last chapter, which 
includes only the transport of borons (in fact interstitial boron 
as a mobile species) and self-interstitials is capable of 
explaining a wide range of experiments, such as: the diffusion of 
the implanted borons at different annealing conditions over a wide 
range of annealing temperatures; the redistribution of the 
initially uniform distribution after the high dose argon 
implantation and high temperature annealing; or after hydrogen 
implantation at elevated temperature as reported by Loualiche el 
J63] 
at . 
2. For the redistribution of the originally uniform profile, 
the final resultant profile seems to be a replica of the second 
spatial derivative of the initial, self-interstitials distribution 
of Ci (a^C^/ax^) . If this conclusion is further substantiated by 
experimental evidences, it is possible to provide an alternative 
method to characterize the initial self-interstitial profile by 
inferring the resulting impurity profile which was initially 
uniform. The depth profiling of impurities is comparatively easy. 
3. Conventional dual mechanism model described by Equation 
(4.2) fails to reproduce this boron redistribution behaviors, 
because of the absence of the third term in Equation (4.1). It 
also reflects the limitation of the assumption that the 
interstitial-assisted component of the boron diffusion coefficient 
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CHAPTER F IVE 
CONCLUSION AND FURTHER SUGGESTIONS 
§ 5.1 Conclusion 
In this work, the importance of the impurity diffusion problem 
both for technological need and for academic interest was 
mentioned. The historical development, both experimental results 
and theoretical modelings, has .been reviewed. The couplings of the 
point defects (vacancy and self-interstitial) with the migration 
of impurity has been discussed. Based on this coupling mechanisms, 
a general theoretical model has developed, where the primary 
concern is focused on the relation of the point defects with the 
migration of impurity atom. 
With this theoretical model, simplification has been made to 
reduce to the two coupled transport equations (one for B and one 
for I). The dominant diffusing species has assumed to be the 
interstitial-boron (B^) which have been generated as a result of 
implantation. The local relaxation of I, and its influence on the 
migration of B^ through the kickout mechanism determine the major 
behaviors in the boron diffusions. One implication of the model is 
that the boron diffusion coefficient assisted by the 
interstitial-mechanism is not- necessarily proportional to the 
concentration of self-interstitials ( C ^ , especially at highly 
damage condition. The following experimental works have been 
simulated based on this simplified model: 
(1) The damage enhanced diffusion of implanted boron in the 
pre-amorphized silicon wafers from the experimental work of 
[1] 
Powell has been successfully reproduced. 
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. (2) The basic feature of the redistribution of the originally 
uniform boron atoms after argon implantation and subsequent 
annealing has been qualitatively simulated. The redistribution of 
boron atoms is a strong indication that the concentration gradient 
plays a major role to initial the non-uniformity of the boron 
distribution. Conventional model where the diffusion coefficient 
is linearly proportional to C fails to predict such a feature. It 
can be also demonstrated that the resulting boron profile is 
essentially the replica of the second spatial derivative of 
i.e. a^c^/ax^). 
§5.2 Further Suggestions 
In order to separate th6 doping effect on the diffusion 
through changing the position of the Fermi level (and in turn 
influencing the population of the charged point defects) from the 
damage effect generated by the implanting ions, it is suggested to 
use argon ions or silicon ions to generate different amounts of 
damage on the identical wafers with the same doping conditions. 
These ion species does not present any doping effect on the 
diffusion.The difference in the resulting diffusion profile must 
then be arisen from the damage effect generated by the implanting 
ions. To investigate the doping effect, it is suggested to use the 
same implantation condition to generate identical damage effect on 
different wafers which are distinct in doping conditions. This 
difference could be the types of doping, (n-type versus p-type), 
or could be the doping level. The initial impurity profiles should 
be made identical. The most desirable initial profile is uniform 
distribution, as has been performed in Chapter Four. 
The doping effect has an influence on the magnitude of the 
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diffusion coefficient of the impurities (may be through the life 
time of the point defects), as was reported by Loualiche et 
al【63]. It also affects the solid phase epitaxial growth rate 
reported by Ling et a 严 】 . I n their work, it was reported that 
the higher the impurity concentration, the higher the regrowth 
rate was found when it was below the solid solubility limit. On 
the contrary, when it was above the solid solubility limit, the 
regrowth rate will be decreased. Combining these two experimental 
results together, the picture of the kinetic of the point defects 
and their role on diffusion can be provided. 
For low doping condition, the difference in doping effect and 
damage effect is not pronounced, as has been discussed in Appendix 
A . Moreover, it is difficult to perform depth profiling of doping 
level less than lO^^'cm"^ by SIMS method, which is a reliable 
method in depth profiling. For this reason, it is suggested to use 
the doping levels larger than lO^^cm"^. Because .both phosphorus 
and boron are suggested to diffuse in silicon via interstitial 
mechanism, the type effect of diffusion should be a comparison of 
the diffused boron profile versus phosphorus profile under 
identical condition. The sign of the dominant charged point defect 
species can be checked from this result. 
The comparison between the results from rapid thermal 
annealing and from furnace annealing is also suggested. In the 
former case, due to the far deviation from thermal equilibrium 
condition, the dominant point defect species influencing the 
phosphorus diffusion would be the same species influencing boron 
diffusion if both were subjected to identical implantation 
condition. However, in furnace annealing, thermal equilibrium has 
been reached, then the dominant point defect species would be 
different for p-type doping and n-type doping. 
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The reason for using uniformly doped wafers as the starting 
samples is obvious, it provides a way to investigate the diffusion 
simply from the contribution of the self-interstitials. There is, 
however, no way in generating a uniform damage background which 
exceeds very much from thermal equilibrium value. The diffusion of 
impurity which was initially non-uniform is always complicated by 
the non-uniformity of the point defects. 
Finally, the information about and the reproducibility of the 
implantation and of the annealing process are very important. 
Reproducibility of implantation involves in better control on 
wafer temperature during implantation, better control on vacuum, 
and on the implanting ion beam current density. These factors 
influence the amount of damage on the implanted wafers. The 
control on the annealing process, especially in rapid thermal 
annealing can be realized by better measurement on the wafer 
temperature on the wafer surface, not only on the heater itself. 
The control on the exposure time is also important, since a second 
of high temperature heating would introduce a lot of change. The 
characterization of the point defects is also important, both on 
their population and or their spatial distribution. However, the 
state of arts up to now does not enable quantitative measurement 
and direct identification on the point defects. The proposed 
supersaturation of a certain type of point defect species is still 
based on assumption. 
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INFLUENCE OF DOPANT CONCNETRATION ON THE 
MAGNITUDE OF THE DIFFUSION COEFFICIENT 
In the following derivation, it only provides a rough picture 
of how the dependence would look like. Realistic picture would be 
more complicated. Several assumptions are made. All boron atoms 
are electrically activated so that C^ = p . The charged point 
defect is in local equilibrium with the charged carrier and 
impurities. The gradient of the self-interstitials is not 
considered. Three are three possible ways that the enhanced 
diffusion coefficient depend upon the doping level of boron atoms 
C . The dependence of each case is obtained by the factional 
change of diffusivity per unit change of boron concentration: 7 « 
(aD/ac )/D. 
B 
The three dependences are : 
(1) Diffusion coefficient is proportional to the boron 
concentration: (D = D, C ) 
A I B 
In this case, the parameter 7 can be easily obtained 
1 fdD 
y — ^ (A.l) 
\ D ac 
A V B乂 
- 1 / CB 
(2) Diffusion coefficient is proportional to the concentration of 
self-interstitials, (D^ - D C ) 
B Z It 
The dominant charged state of interest in this work is assumed to 
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be the positively charges level (donor type)• Under local 
equilibration, the following expression governs the population of (：工十 
CT 
C (A.2) 
1 + g^exp((E^-E^)/kT) 
where C^ is the total concentration of self - interstitals ； g the 
I . . . 
degeneracy factor, and E^ the donor level of the self-interstitial. 
With the assumption that 




p = p exp( ) (A. 4) 
i kT 
where E „ and E the extrinsic and intrinsic Fermi levels, 
F Fi 
respectively; p and p the extrinsic and intrinsic hole concentrations. 
i 
the population of (：工十 is relted to the doping concentration of boron 
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B 、 B乂 
1 rdD fdC 
- 『 ⑷ K J (A. 6) 




1 “ g,P,exp((E^^-E^)/kT)/C^ (A 7) 
From this expression, it is interested to note that at low 
doping level, 7 s 1/C as Case (1). However, in heavy doping, 7 
B B “ 
s 1/C^. This indicates that the doping dependence at heavy doping 
B 
will be weaker as C is a large value. The agreement of the 
B 
asymptotic value at low doping in this Case with that in Case (1) 
indicates that it is difficult to differentiate between which 
dependence (Case(l) or Case (2)) is correct simply based on the 
doping effect. 
(3) Non-linear proportionality. When the value K^C^ is not small, 
the diffusion coefficient, instead, is related to the 
concentration of self-interstitials by 
K C 
D = D (A.8) 
c 3 i+K c 
1 1+ 
Again, the fractional change of diffusivity is 
1 fdD 
___c 
"c 费 5" f 
C V B乂 
1 广 3D rdC 
一 __c _ 1 + 
C 1+乂 B 
1 fdC 
1+ 
( I + W C 1 + B J 
1 1 W x p ( ( E F i - E D ) / k T ) / C B 
X X (A.9) 
(I+K1C1+) Cb 1 + 
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Because of the denominator for the first factor is much larger 
than unity, would be smaller than 1/cg. Thus the doping level 
dependence is even smaller. 
In a conclusion, in low doping level, for Case (1) and Case (2)’ 
it is difficult to distinguish which of the two cases is correct. 
However, in heavy doping level, Case (3) has a weaker dependence on C^ 
than in Case (2). Case (2), in turn, has a weaker dependence than in 
Case (1). This mathematical argument provides a theoretical basis to 
check the diffusion models. 
110 
Appendix A 
A P P E N D I X B 
F L O W C H A R T OF THE N U M E R I C A L S I M U L A T I O N 
j I n p u t Temperature ProfileJ 
y » 
/Generate Initial Damage Profile/ 
/ ‘ ).� I 
i: 】 
/Generate Initial Boron Profile / 
I 。 7 
< 
^ 7 
I Read Parameters from / 
/ Data files „ 
I o m o m o F / 
/such as DBI, V Y H I , C^. H^. / 
o o max / 
/ K .E ,r(900 C),E 1 ,C ,C / 
/ 1 av rel pa I / 
^ 
Normalized parameters by ^ 
t »600s, L =1000A,E »9.88A2eV, 
o o o 
-3 













for j=0 to m < C ^ ^ 
V 
I r e a d k / 
/ ？ J 
r _ 
suin2®=0 
i _ > 
k 
、 J g =h*k , A » 一 
j y i 2 
n 
j read T* j 
、f , 
evaluate 
* * * 
I ‘ 
for i"0 to n < 
^ 
z "1/ n 专 
i.j j i.j 
‘ • 
V 






for i«l to n ( 
、f 
i 一专 十入 ( z .+z ) 








reassign the variables 
for to n (, C ^ ^ 
^^ 
suml-suml+i/ TJ g. 
j i.j j 
V 






sum2«sum2+D U T] .h 
BI j l.J 
——④ 











/write <D (t)> to data file / 
/ 1 , 
,. ^ ^ , 
next j""" > ^ E ^ 
V 
jvxitB the final damage/ 
/ profile rji m to disk/ 
. X 
/ write the final impurity/ 
/ profile ( to disk 











evaluate 1 by 
D 
finding an integer I 
such that g 
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